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Abstract

Electrical and Magnetic Separation of Particles
by
Lin Li
Doctor of Philosophy in Energy, Environmental, & Chemical Engineering
Washington University in St. Louis, 2010
Professor Da-Ren Chen, Advisor

Particle separation technologies have been utilized in many industrial fields, such
as pigment and filler production, mineral processing, environmental protection, the food
and beverage industry, and the chemical industry, as well as in biomedical application,
such as cell biology, molecular genetics, biotechnological production, clinical
diagnostics, and therapeutics. A lot of particle separation technologies using various
mechanics in terms of the differences in the physical or physico-chemical properties of
the particles have been developed. Among these categories, electrical and magnetic
separations are of great interest in recent researches. The overall objective of this
dissertation is to advance our current knowledge on these two particle separation
technologies. Accordingly, it has two major parts: (1) Charge Conditioning for Particle
Separation, and (2) Magnetic Filtering for Particle Separation. In the first part, a new DCcorona-based charge conditioner for critical control of electrical charges on particles and
a UV aerosol charger for fundamental investigation particle photocharging process were
developed. The chargers’ performances including charging efficiencies and charge
ii

distributions were evaluated upon different operational conditions such as aerosol flow
rates, corona operations, and ion-driving voltages for the charge conditioner, particle
material and irradiation intensity for the UV charger. The birth-and-death charging model
with the Fuchs limiting sphere theory for calculating the ion-particle combination
coefficient was applied to obtain the charging ion concentration inside the charge
conditioner. The UV charging model with the photoemission rely on the FowlerNordheim law was applied to predict the charging performance of the UV charger. In the
second part, a magnetic filter system has been constructed, and its performance has been
investigated. To retrieve the magnetic property of characterized particles from the
measured penetration data, a numerical model was further developed using the finite
element package COMSOL Multiphysics 3.5. The numerical model was first validated by
comparing the experimental penetration with the simulation results for the cases of 100,
150, and 250 nm γ-Fe2O3 particles having the magnetic susceptibility characterized by
Vibrating Sample Magnetometer (VSM). The magnetic susceptibilities of other sizes
from 100 to 300 nm were then derived from this model according to the measured
penetration data. To control or remove the lunar dust through a magnetic approach, eight
samples (three JSC-1A series lunar dust simulants, two NU-LHT series lunar dust
simulants, and three minerals) in the size range from 150 to 450 nm were characterized.
Magnetic susceptibilities were obtained from the difference in particle penetration
through magnetic mesh filters with and without an applied external magnetic field.
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Chapter 1
Introduction and Overview

1.1

Introduction to Particle Separation Technology
Separation processes are widely used in the petroleum, chemical, forest,

pharmaceutical, mineral, and materials processing industries, where physical or chemical
forces are applied to isolate the selected substances from a mixture. In fact, it is difficult
to find any important engineering corporation that does not use them. Base on the energy
analysis by the Department of Energy (DOE ITP Report, 2005), separation technologies
account for approximately 4,500 trillion Btu/yr, about 14% of energy use in the industrial
sector, which is over one-third of the total energy consumption in the United States in
2001. Furthermore, 40% to 70% of capital and operating costs in industry are from
separation processes every year (Legault and Rivero, 2008). Hence, improvement on
separation technologies is essential to energy saving, to operating expenses, and
consequently to corporate profitability of related industries. Moreover, the application
and improvement of existing separation technologies, as well as the development of
novel techniques, are necessary to meet the requirement in new environments such as
biomedicine and electronics (Rousseau, 1987).
Based on the phase of the mixture, separation can be categorized into separation
of homogeneous solids, liquids, gases, or supercritical fluids, and separation of
heterogeneous systems containing any combination (Lu et al., 2005). For instance, mass
transfer operations in the liquid phase, such as absorption, distillation, and extraction, are
typical examples of separation of homogeneous mixtures. The separation processes of
heterogeneous mixtures, such as sedimentation and filtration to remove the solid particles
suspended in the fluid, perhaps are even more commonly encountered everywhere.
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As particles become key technological components in many modern industrial
applications and fundamental research, purification and separation of particles according
to their physical or chemical properties are constantly needed. The solid-particle
separation methods can be further classified into two major groups (Lu et al., 2005): (1)
solid-liquid or solid-gas separation, in which suspended particles are removed, separated,
or concentrated from the mixture, and (2) solid-solid separation, where particles are
separated according to the differences in the physical or physico-chemical characteristics,
such as size, shape, density, electrical or magnetic properties, surface wettability or the
solubility of particles, etc.
Based on their separation mechanisms, particle separation techniques can be
distinguished as sedimentation (settling, flocculation, and centrifuge), inertial deposition
(cyclone, scrubber, impingement, and impactor), Brownian diffusion (diffusion batteries),
particle migration in an electric or magnetic field (electrostatic precipitator, dynamic
mobility analyzer, magnetic separator), thermophoresis (thermal precipitator), filtration
(filter and membrane for particle collection by combined mechanisms), and others.
Among all these categories, electrical and magnetic separations are of great interest in
recent research. These two methods have higher resolution and efficiency than others in
particle separation processes. For example, monodisperse particles can be achieved
through a classification process using a differential mobility analyszer (DMA) as an
electrical separator. A magnetic separator can be considered as a plus to traditional
filtration, in which the attractive magnetic force between particle and filter fiber play an
important role in addition to the inertial impaction, diffusion, and interception in particle
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filtration process. Moreover, magnetism and electricity are closely related and regarded
by physicists as two expressions of a single force, called "electromagnetism".
The overall objective of this dissertation is to advance our current knowledge on
these two particle separation technologies: electrical and magnetic. Accordingly, it has
two major parts: (1) Charge Conditioning for Particle Separation, and (2) Magnetic
Filtering for Particle Separation. The motivation for each part is explained in the
following sections.

1.2

PART I: Charge Conditioning for Particle Separation
Electrically charged particles, especially for particles in submicrometer and

nanometer size ranges, are often required in many aerosol studies and applications.
Examples of applications via charged particles are the synthesis of unagglomerate
particles (Adachi et al., 2003; Jiang et al., 2007a), particle separation and removal
(Parker, 1997), particle collection (Cheng et.al., 1981), enhanced particle dispersion
(Mazumder et. al., 2007), structured patterning (Jacobs and Whitesides, 2001; Fissan et
al., 2003; Kim et al., 2006), micro-contamination control (Zhuang et al., 2000), and
particle instrumentation (Keskinen et. al., 1992; Chen et al., 1998; Kaufman et. al., 2002;
Friedlander and Pui, 2003; Shin et. al., 2007; Wang et. al., 2010). Particle deposition in
the human lung was also found to be dramatically enhanced by electrical charges on
particles (Melandri et al., 1983; Yu, 1985; Cohen et al., 1995, 1998). Using inhalation for
rapid drug absorption in the lung and subsequently systemic transport to secondary body
organs can be efficiently achieved by the administration of charged aerosol medications.
To condition electrical charges on particles for making the previously mentioned

4

processes efficient, a particle charge conditioner, often called a particle charger, is
necessary.
On the other hand, the charging efficiency of unipolar corona chargers decreases
significantly for particles in the diameters less than 20 nm. To further improve the
efficiency of charging nanoparticles, researchers have used direct irradiation methods
such as Ultraviolet (UV) (Burtscher et al., 1982; Hontañón and Kruis, 2008; Jung et al.,
1988; Kogelschatz, 1992; Matter et al., 1995; Maisels et al., 2003; Mohr et al., 1996,
1997) and soft x-ray irradiation for nanoparticle charging (Han et al., 2003; Jiang et al.,
2007b; Kulkarni et al., 2002, Shimada et al., 2002). Different from ion diffusion chargers,
the performance of photo chargers strongly depends upon the particle composition. For
electron escape from the particle surface, the kinetic energy of escaping electrons must be
greater than a given threshold, which is the function of the work function of both the
particle material and the particle size. Note that most of previous UV charging studies
were focused on metal particles, auto exhaust particulate, and atmospheric aerosol. For
the general application of aerosol photocharging, it is thus important to investigate its
applicability for particles made of other materials, for example, organics, salts, and metal
oxides. Further, after passing through a UV charger, limited particle charge distribution
data has been reported at the present. Finally, the verification of existing photocharging
models in previous studies was primarily done by comparing the model results with the
measured charge efficiency of UV chargers. More detailed comparison with particle
charge distribution data is thus needed to confirm existing photocharging models.
For the first half of the dissertation, charge conditioning for particle separation,
there are two major objectives:
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1. To develop a unipolar corona charger with high charging efficiency and welladjustable ion concentration for particle charge conditioning.
2. To investigate particle photocharging process, focusing on the effect of
particle material and irradiation intensity.

1.3

PART II: Magnetic Filter for Particle Separation
Magnetic particles are of great interest in fundamental research and industrial

applications. They are used in a wide range of applications in catalysis (Noronha et al.,
1997), magneto-cooling (Roy et al., 1993), recording devices (Prinz, 1998), purification
of enzymes and other biotical substances (Airapetyan et al., 2001), as well as water
purification devices (Kobe et al., 2001). Many medical applications need submicron- and
nanometer-sized magnetic particles (Hafeli et al., 1999) for drug delivery via
biocompatible magnetic substances, cell separation, hyperthermia, cancer therapy, and
aneurysm treatment, to name just a few examples.
Fine particles can also display different forms of magnetism (Young and
Freedman, 2003): ferromagnetism, ferrimagnetism, paramagnetism, diamagnetism, and
superparamagnetism, distinguished by the influence of the external magnetic field on
their magnetic moment, which also depends on the raw material and the generation
conditions. Additionally, in the size range from submicrometer down to nanometer, the
magnetic properties change very strongly with particle diameter. One key characteristic
of magnetic particles is the magnetic moment. Hence, the determination of the particles’
magnetic moment is an important problem from both scientific and engineering point of
view.
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As NASA prepares for future exploration on the Moon, it must address many of
the problems faced by the original Apollo astronauts. One major problem is controlling
the lunar dust (<20 µm) that makes up a large portion of the lunar surface (~20 weight
%). Most lunar dust (60 - 80%) is composed of broken pieces of agglutinitic glass, which
contains abundant nanometer-sized metallic Fe grains (np-Fe0) (Taylor et al., 2005). To
control or remove the lunar dust, a magnetic approach has thus been proposed. To
determine the feasibility of the proposed method, it is necessary to measure the magnetic
properties of lunar dust and related simulants.
For the second half of the dissertation, magnetic filtering for particle separation,
there are three objectives:
1. To develop a magnetic filter system for particle magnetic moment
measurement.
2. To develop a numerical model to simulate the magnetic particle capture
process in the magnetic filter.
3. To obtain the calibration curves for prototype system.
4. To measure the magnetic properties of lunar dust and related simulants.

1.4

Dissertation Structure
In addressing the two major components, the whole dissertation contains eight

chapters. The first part, including chapters 2, 3 and 4, focuses on the design and
evaluation of a unipolar corona charger and a UV charger. The second part, including
chapters 5, 6, and 7, focuses on the performance and model of magnetic filter system.
Brief descriptions of each chapter follow.
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In chapter 1, an overview of particle control technologies and their needs,
applications, and challenges is presented. A general introduction, background
information, and research objectives for the charge conditioning and magnetic filtering
for particle separation are given.
PART I:
In chapter 2, particle charging mechanics and several unipolar chargers developed
in the past are reviewed and summarized. The review on the development of the corona
chargers is followed by a description of the design of the new corona charger in this
work. The review of the previous UV charger studies leads to the fundamental
investigation of dependence the effect of particle material and irradiation intensity for
particle photocharging.
In chapter 3, a new DC-corona-based charge conditioner was developed for the
processes in which electrical charges on particles are critical to successful operations.
The chargers performance is optimized under different operational conditions such as
aerosol flow rates, corona operations, and ion-driving voltages. Charging efficiencies are
measured and compared with the results from other corona discharge based unipolar
chargers. A tandem-DMA technique was utilized to characterize extrinsic charge
distributions of particles with various sizes. The birth-and-death charging model with the
Fuchs limiting sphere theory for calculating the ion-particle combination coefficient was
applied to obtain the charging ion concentration under the various operations of the
prototype.
In chapter 4, an aerosol charger utilizing pen-type Hg lamps was constructed to
investigate the fundamental process of particle charging under UV irradiation. The
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performance of the prototype UV charger at 5 lpm flow rate with four UV lamps was
evaluated using monodisperse silver (Ag) and various metal oxide particles with
diameters ranging from 7 to 30 nm and from 50 to 200 nm, respectively. To evaluate the
effect of irradiation intensity on particle photocharging, the charging efficiencies and
charge distributions for Ag particles ranging from 7 to 30 nm were characterized when
the prototype was operated at an aerosol flow rate of 5 lpm for the cases of one, two, and
four lamps turned on. The UV charging model with the photoemission based on the
Fowler-Nordheim law was further applied to predict the charging performance of the UV
charger at different operational conditions.
PART II:
In chapter 5, a few characterization techniques of particle magnetic moment are
reviewed and summarized. Concepts and methods are applied to analyze and model our
experimental data on magnetic filters.
In chapter 6, a magnetic filter system has been constructed, and its performance
has been investigated. The particle concentrations upstream and downstream of the
magnetic filter element were measured by an Ultrafine Condensation Particle Counter
(UCPC, TSI model 3025A). To retrieve the magnetic property of characterized particles
from the measured penetration data, a numerical model was further developed using the
finite element package COMSOL Multiphysics 3.5. The numerical model was first
validated by comparing the experimental penetration with the simulation results for the
cases of 100, 150, and 250 nm γ-Fe2O3 particles having the magnetic susceptibility
characterized by a Vibrating Sample Magnetometer (VSM). The magnetic susceptibilities
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of other sizes from 100 to 300 nm were then derived from this model according to the
measured penetration data.
In chapter 7, to investigate the control or removal of lunar dust through a
magnetic approach, eight samples (three JSC-1A series lunar dust simulants, two NULHT series lunar dust simulants, and three minerals) in the size range from 150 to 450
nm were characterized using the magnetic filter system described in chapter 6. Magnetic
susceptibilities were obtained from the difference in particle penetration through
magnetic mesh filters with and without an applied external magnetic field.
In chapter 8, the accomplishments of this dissertation are summarized, and the
issues and challenges that deserve future research efforts are addressed.

10

Chapter 2
Review of Unipolar Chargers

11

2.1

Introduction
A variety of aerosol charging methods have been studied for different applications

in the past three decades. The ion-attachment method and the photo-ionization method
are the two main approaches used for charging particles (Chen and Pui, 1999), and both
charging processes can be modeled and predicted (Fuchs, 1963; Maisels et al. 2002). The
former charges particles by random collisions with ions in an ion-rich environment. The
latter ionizes particles using photons emitted from UV or soft X-ray light sources.
The ion-attachment method attaches ions on particles by using field or diffusion
charging processes. Field charging is the dominant mechanism for particles larger than
1.0 µm, and diffusion charging is the dominant mechanism for particles less than 0.1 µm,
even in the presence of an electric field (Hinds, 1999).
In the diffusion charging process, particles can be exposed to either bipolar or
unipolar ion environments to accomplish various charging tasks required by applications
(Marquard et. al., 2006a, 2006b). Several bipolar chargers have been studied, with bipolar
ions usually produced by radioactive decay of isotope, such as Kr85 or Po210 in Scanning
Mobility Particle Sizer (SMPS, TSI model 3936, Wang and Flagan, 1990), by corona
discharge, such as an AC corona with a sonic jet (Stommel and Riebel, 2005) and dual
electrode corona (Romay et al., 1994), or by soft X-rays (Shimada et al., 2002). In all the
bipolar chargers, the neutral particles can acquire charge while the charged particles may
discharge themselves by capturing ions of the opposite polarity (Pui et al., 1988). This
feature makes bipolar chargers more suitable for applications that require the
neutralization of highly charged particles. However, because of the competition of the
two processes, as described earlier, the bipolar chargers give very low charging efficiency
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for nanoparticles, which limits their applications in aerosol processes (Adachi et al.,
1985; Reischl et al., 1996). In general, charging particles by unipolar ions offers higher
charging efficiency than by bipolar ions, especially for particles in submicrometer and
nanometer sizes.

2.2

Review of Corona Chargers
Unipolar particle chargers can in general be classified into two types based on the

sources of unipolar ions. One type of charger obtains unipolar ions through the separation
of bipolar ions, often produced by either radioactive or soft X-ray sources via the use of a
designed DC-electrical field. Recently, however, the use of these irradiation sources is
undesirable because of more and more stringent safety regulations, and increasing license
costs for the source usage. The other type of charger utilizes corona discharge to directly
generate unipolar ions. For general applications, it is not recommended to pass aerosol
through the corona-discharge zone (Stommel & Riebel, 2005). Instead, unipolar ions are
often directed to the charging zone in an aerosol charger by either a sonic jet flow or a
weak electric field (i.e, ion-driving voltage). Examples of chargers using the ion-driving
electrical field are the EAA (Electrical Aerosol Analyzer) charger (Liu & Pui, 1977), the
miniature aerosol charger for a personal particle sizer (Qi et al., 2008), and Hewitt-type
chargers (Büscher et al., 1994; Kruis & Fissan, 2001; Biskos et al., 2005). The
perpendicular arrangement in the directions of ion-driving electrical and aerosol flow
fields, however, leads to serious electrostatic loss once nanoparticles are electrically
charged (Chen & Pui, 1999). Marquard et al. (2006b) further concluded that chargers
employing an AC electrical field to bring ions in contact with particles do not generally
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improve the compromise between the charging efficiency and electrostatic loss for
nanoparticles. Whitby (1961) first introduced the concept of applying a sonic jet flow to
direct unipolar ions out from the corona discharge zone in the development of an ion
generator. Medved et al. (2000) used a similar principle in the design of a unipolar
charger, which was later modified and used in the Electrical Aerosol Detector (EAD, TSI
model 3070A; Kaufman et. al., 2002) and Nanoparticle Surface Area Monitor (NSAM,
TSI model 3550; shin et. al., 2007). The issue of particle loss in ion-particle flow mixing
was often encountered in these chargers. With careful flow mixing arrangement, Qi et al
(2007) recently investigated a DC-corona-based, mixing-type unipolar aerosol charger.
As a result, Qi’s charger provides higher extrinsic charging efficiency than other existing
corona-based unipolar chargers. The control of ion concentration in the charging zone
proved difficult in Qi’s chargers. It was further found for Qi’s charger that the extrinsic
charging efficiency via negative ions is much lower than that via positive ions. This is
because of the high electrical mobility of negative ions and a much smaller opening of
orifice nozzles used for ion jets in Qi’s charger.
In addition to the charging efficiency for nanoparticles, the issue of overcharge
for large particles in unipolar chargers has not been substantially addressed in the
literature. Particles larger than 20 nm in diameter can easily acquire more than one charge
in a unipolar charger. Multiple charges on particles influence the precision of particle
separation based on the electrical mobility of particles. The potential breakup of highlycharged, liquid droplets may be a disadvantage for some particle applications. Vivas et
al. (2008) optimized the performance of an existing corona diffusion charger (Büscher et
al., 1994) with the objective of reducing multiple charges on submicrometer particles. A
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positive-zero rectangular-wave voltage was applied to the inner electrode of the charger,
and the charging ion concentration was controlled by changing the duty cycle of pulsed
voltage. In addition to more electrostatic loss for charged nanoparticles, the spatial and
temporal variation of ion concentration in the charging region made it difficult to
estimate the charging efficiency and charge distribution of particles through the unipolar
charger. Moreover, multiple charges on particles with diameters less than 20 nm are often
encountered in other processes, for example, electrospray ionization. Severe particle loss
due to the space charge effect of highly charged particles is experienced during aerosol
transport. The conditioning of charges on particles is often needed in the above described
scenarios. Laschober et al. (2006) used a DC-corona-based, unipolar charging unit to
minimize loss of highly charged particle produced by a commercial electrospray aerosol
generator (TSI, model 3480) for particles with sizes ranging from 5 to 18 nm. At the
optimal corona discharge settings, the yield of singly charged particles by the charge
conditioning process was found to be two to four times higher in concentration than those
of bipolar charging units.

2.3

Review of UV Chargers
Diffusion charging has been predominantly used for nanoparticle charging, as the

charging dynamics can be accurately predicted by the Fuchs limiting sphere theory
(Fuchs, 1963). However, the extrinsic charging efficiency of existing unipolar chargers
significantly decreases as the particle size reduces, especially for particles with diameters
less than 20 nm (Chen and Pui, 1999).
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To further improve the efficiency of charging nanoparticles, researchers have
used direct irradiation methods such as Ultraviolet (UV) (Burtscher et al., 1982;
Hontañón and Kruis, 2008; Jung et al., 1988; Kogelschatz, 1992; Matter et al., 1995;
Maisels et al., 2003; Mohr et al., 1996, 1997) and soft x-ray irradiation for nanoparticle
charging (Han et al., 2003; Jiang et al., 2007b; Kulkarni et al., 2002, Shimada et al.,
2002). Under UV exposure, electrons can be emitted from the particle surface once
irradiated, and irradiated particles thus become positively charged if the incident photon
energy exceeds the particle work function potential barrier. In soft-X-ray irradiation,
carrier gas molecules can be further ionized in addition to direct photoionization due to
the high incident photon energy (~103 eV). As a result, diffusion charging rates are
enhanced in soft-X-ray irradiation when compared to UV irradiation (~5 eV). However,
the high cost and limited lifetime of soft X-ray light sources make them not widely used.
Schmidt-Ott and Siegmann (1978) investigated photoemission from small
particles suspended in a gas due to the irradiation of UV light. Two different UV light
sources were used later in the research related to aerosol charging. One is low pressure
mercury lamps (Burtscher et al., 1982; Jung et al., 1988) and the other the excimer lamps
(Kogelschatz, 1992; Maisels et al., 2003).
Burtscher et al. (1982) designed an apparatus using a monochromatic low
pressure Hg arc (hν = 4.9 eV) for the measurement of electric mobility and electrical
charges of particles in the atmosphere. Three different particles, i.e., silver particles, auto
exhaust particulate and atmospheric aerosol, were used for the evaluation of Burtscher’s
apparatus. Jung et al. (1988) designed a photoelectric charger to achieve high particle
charging efficiency, resulting in the reduction of particles which are not precipitated by
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electrostatic fields due to the charge reduction by reattachment of negative ions to the
positively charged particles. Jung’s charger consists of a quartz tube with two metallic
grids separately laid along the inner wall of the tube. The innermost metallic grid is on
the electrical ground, and the outer one is on a DC voltage. Three advantages can be
recognized with the above grid configuration. One is that the photoemission from the
tube walls is eliminated, another that negative ions diffusing towards the tube walls can
easily be removed, and the other that the charger core is free of an external electrical field.
For these existing chargers, the fraction of particles remaining electrically neutral was
approximate 2% for the 16 nm and 10% for the 10 nm.
Using the apparatus developed by Kogelschatz (1992), charge distributions of
particles were investigated by a tandem differential mobility analyzer (TDMA) as a
function of particle size (i.e., 60, 75, 90, and 120 nm in diameter) and relative intensity of
the irradiation (i.e., for two photo energies: hν = 5.6 and 6 eV) (Mohr et al., 1996). For
diesel particles with a diameter of 100 nm, an average charge of up to 25 elementary
units was obtained for each particle. The mean charge and mobility distribution of the
particles after passing through the same device were determined experimentally as a
function of particle concentration (Mohr and Burtscher, 1997). According to the study,
particles can be either unipolarly positive or bipolarly charged depending upon the
concentration of ions present in the carrier gas. This is because in the device, the aerosol
becomes positively charged when electrons are emitted from the particle surface as a
result of UV irradiation. Meanwhile, negative ions are formed when photoelectrons
attach instantaneously to gas molecules. Positively charged particles may thus have the
chance to be discharged by negative ion attachment and even become negatively charged.
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Hence, a reduction in charging efficiency is observed when the particle concentration is
in the range of 105~106 #/cm3 and the residence time of the ions in the aerosol exceeds a
few tens of milliseconds (Mohr and Burtscher, 1997). Further, the aerosol can be
unipolarly charged when negative ions are removed from the carrier gas faster than the
diffusion of ions to particles. Current studies of UV chargers reduce the issue of ion
diffusion discharging by either using diluted aerosol or removing negative ions in the
irradiation-free region by an ion trap (Burtscher, 1992; Matter et al., 1995; Mohr et al.,
1996).
Particle charge distribution as a function of particle number concentration and
irradiation intensity was studied using a UV-charger with Xe excimer radiators with the
wavelength of 172 nm (Maisels et al., 2003). In the above charger, highly positivecharged aerosols were obtained for the particle number concentration below 5×105 #/cm3,
and approximately symmetrically bipolar charge distributions of particles were measured
for the number concentration of about 2×107 #/cm3. Moreover, the feasibility of UV
photoionization for singly unipolar-charged nanoparticles at flow rates up to 100 lpm was
demonstrated using the same device (Hontañón and Kruis, 2008). The charging level of
aerosol particles can be varied by adjusting the intensity of UV radiation. For
monodisperse particles from 5 to 25 nm and at the number concentration between 104 and
105 #/cm3, the output aerosol concentration of the above UV photoionizer was better than
that of the radioactive ionizer (Kr85) when an increased gas flow rate was used. The
above UV photocharger behaved as a quasi-unipolar charger for polydisperse aerosols for
sizes less than 30 nm and at number concentrations of 107 #/cm3.
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The performance of photo-chargers is quite different from ion diffusion chargers
as the process strongly depends upon the particle composition. For electron escape from
the particle surface, the kinetic energy of escaping electrons perpendicular to the particle
surface must be greater than a given threshold, which depends on the work function of
both the particle material and the particle size. Based on the Fowler-Nordheim equation
(Fowler, 1931), a theoretical expression for photoionization charging was established,
which is often incorporated in models describing the evolution of particle charge
distribution. Since ion diffusion charging often occurs in photo-charging systems,
charging models, including both photoionization and ion diffusion charging mechanisms,
were developed in the studies of Maisels et al. (2002) and Jiang et al. (2007a).
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Chapter 3
Particle Charge Conditioning by a Unipolar Corona Charger
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3.1

Introduction
In this study, we first describe the design of a DC-corona-based, unipolar aerosol

charge conditioner. We then present the result of the performance optimization of the
prototype by varying the operational parameters such as the corona current, ion-driving
voltage and aerosol flow rate. We further discuss the charging efficiencies and particle
charge distributions at various conditions of conditioner operation for both Ag and KCl
particles. Last, we apply the birth-and-death charging model with the ion-particle
combination coefficient given by the Fuchs limiting sphere theory to predict the charging
performance of the prototype (Fuchs, 1963).

3.2

Experimental Apparatus and Procedure

3.2.1

Design of the Unipolar Corona Charger
The schematic diagram of the prototype DC-corona-based, unipolar particle

charge conditioner is shown in Fig. 3.1. The dimensions of the prototype are also
included in the same figure. The construction of the prototype conditioner consists of (1)
a cylindrical metal case with two aerosol inlet tubes at opposite positions of the case wall
close to one end, and a single aerosol outlet at the other end of the case; and (2) a corona
discharge tube module plugged in the prototype from the case end near the aerosol inlets.
The corona discharge tube module, i.e., a metal tube with one end capped with a fine
metal screen, is electrically insulated from the outer case. A pointed, solid tungsten
needle is coaxially aligned with and electrically insulated from the tube module. The tip
of the corona needle faces the center of the metal screen. A positive/negative high voltage
is applied to the tungsten needle, producing positive/negative ions for particle charging.
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The corona discharge tube module case is on the ion-driving voltage, much lower than
that applied to the needle. When the electrical field strength at the needle tip is raised to a
sufficiently high level (e.g., approximately 2.5 kV for 2 µA), surrounding air molecules
are ionized, resulting in corona discharge. Ions produced in the tube module are driven
through the metal screen by a weak electrical field (i.e., ion-driving field) into the
charging zone, the space defined by the metal screen (at ion-driving voltage) and the
charger case (electrically ground). Generally, the charging space is a cylindrical shape
with the diameter of 5/16 in. and height of 1/2 in.. The geometrical arrangement of the
tube module and the aerosol exit section allows establishing the ion-driving field
approximately in the longitudinal direction. The charging ion concentration in the
charging zone can be controlled by varying the strength of the ion-driving field. The
arrangement of the ion-driving field and the aerosol exit section in the charger allows
particles to quickly exit once they are electrically charged, thus reducing the loss of
charged particles. No sheath air is used in this conditioner. The aerosol flow is directed
into the charger via the aerosol inlet tubes. The annular spacing between the prototype
body and tube module cases and the opposite injection of split aerosol stream enable the
flow to be uniformly distributed in the circumferential direction upon entering the
prototype. The aerosol flow is then converged to the particle charging zone at a 45o angle
relative to the conditioner axis. The design of aerosol transport in the conditioner
minimizes the possibility of particles entering the tube module, resulting in a long
lifetime of the corona needle used.
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Figure 3.1 Schematic diagram of prototype DC-corona-based, unipolar particle charge
conditioner (units in inch)

3.2.2

Experimental Setup for Evaluating the Unipolar Corona Charger
The experiment to characterize the performance of the prototype charge

conditioner includes measuring the charging efficiency and charge distribution. Both
intrinsic and extrinsic charging efficiencies are key parameters for performance
evaluation of aerosol charge conditioners. The definition and measurement setups for
charging efficiency vary in the literature, which was recently reviewed by Marquard et al.
(2006a). In our study, the intrinsic charging efficiency is defined as the percentage of
neutral particles entering the conditioner acquiring electrical charges in the process
disregarding their final fates (either penetrating through or losing in the charger).
Extrinsic charging efficiency describes the percentage of neutral particles which acquire

23

charges in the conditioner and make the exit. The difference between the intrinsic and
extrinsic charging efficiencies represents the loss of charged particle in the conditioner
(Qi et al., 2007).
As shown in Fig. 3.2, two different aerosol techniques were used to produce test
aerosols. In one technique, polydisperse silver (Ag) particles with electrical mobility
sizes ranging from 5 to 50 nm were generated by the evaporation-and-condensation
method (Scheibel and Porstendörfer, 1983). Ag powder was placed in a ceramic boat,
located in a high temperature tube furnace (Lindberg/Blue Model CC58114A-1).
Nitrogen at the flow rate of 1.5 lpm (liters per minute) was used as the vapor carrier gas
in the tube furnace. The flow rate of the carrier gas was regulated and monitored by a
needle valve and a laminar flowmeter prior to its introduction to the ceramic tube used in
the furnace. The Ag powder in the ceramic boat was evaporated at high temperature, and
its vapor was carried out by the nitrogen flow. At the exit of the tube furnace,
polydisperse nanoparticles were produced by mixing the hot, vapor-rich carrier gas with
particle-free air at room temperature. A constant-output, home-made atomizer was used
in the other technique to produce monodisperse KCl particles with electrical mobility
sizes from 50 to 120 nm (Liu and Pui, 1974a). The operational flow rate of the atomizer
was 4.0 lpm when the compressed air pressure was at 30 psig. Droplets produced by the
atomizer were directed through a Po210 radioactive neutralizer to remove electrical
charges on the particles, and diffusion dryer with silicone gel as the desiccant to remove
the solvent in droplets.
At the downstream of the above described polydisperse aerosol generation
systems, a differential mobility analyzer (DMAs, either TSI Model 3081 or 3085) was
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used to classify monodisperse particles with the desired sizes. Prior to the DMA
classification a Kr85 radioactive particle charger was used to achieve a well-defined
charge distribution for input polydisperse particles (Knutson and Whitby, 1975). The
DMA was operated at the aerosol flow rate of 1.5 lpm and sheath flow rate of 15.0 lpm.
To obtain electrically-neutral particles for the experiments, DMA-classified particles
were directed through a Po210 radioactive particle neutralizer and an electrostatic
condenser.
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Flow Meter
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Flow Meter

Dilutor

Electrostatic
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Kr85 charger
(TSI 3080)
1st Electrostatic
Neutralizer Condenser

Furnace

H
V
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Flow Meter

Monodisperse
Test Particle

Laminar
Flow Meter
Compress
ed Air

Atomizer

Figure 3.2 Aerosol generation systems to produce neutral monodisperse test particles

Shown in Fig. 3.3 is the experimental setup for the performance evaluation of the
prototype. For the charging efficiency measurement, the charged fraction of particles
exiting the prototype was then measured via passing the aerosol flow through a second
electrostatic condenser to remove all charged particles, and then directed to an ultrafine
condensation particle counter (UCPC TSI model 3025A) for counting the number
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concentration of neutral particles in the flow. During the measurement, the aerosol flow
rate through the prototype was controlled by both the UCPC pump operated at high flow
mode (i.e., 1.5 lpm) and the house vacuum line in which the flow rate was regulated by a
laminar flow meter and a needle valve.
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Figure 3.3 Experimental setup for the performance evaluation of the prototype

3.2.3

Charging Efficiency and Charge Distribution
The intrinsic charging efficiency was calculated by the method of Romay and Pui

(1992):

ηin = 1 −

N1
,
N2

(3-1)

where ηin is the intrinsic charging efficiency; N1 and N2 are the particle number
concentrations measured at the downstream of the second electrostatic condenser with
applied high voltage turned on and off, respectively. The extrinsic charging efficiency
was evaluated by the method described by Chen and Pui (1999):
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η ex =

N 3 − N1 / Pec
,
N4

(3-2)

where ηex is the extrinsic charging efficiency; N3 the number concentration of particles
exiting the prototype when it is turned on; N4 the number concentration of particles
entering the prototype; and Pec the penetration of neutral particles through the second
electrostatic condenser.
Particle charge distribution after they passed through the prototype was further
characterized in this study. The tandem DMA technique was used to measure the particle
charge distribution of monodisperse test particles at different sizes. The particle
generation systems for this part of the experiment were the same as those described
previously. The electrical mobility distribution of particles leaving the charger was
directly measured by SMPS without the Kr85 particle neutralizer in place. For the
measurement of negatively charged particles, the DMA was connected to an external
high voltage power supply. Since test particles entering the prototype are monodisperse
in size, the electrical mobility distribution of the particles, measured by the SMPS,
indicates the charge distribution of test particles exiting the prototype. Note that the
charge distribution measured in our study is for particles at the exit of the prototype
charge conditioner, not in the charging zone of the prototype.

3.3

Unipolar Charging Model
To solve the problem of unipolar diffusion charging, a birth-and-death model was

developed, which consists of an infinite set of differential equations with the assumption
that ion concentration Ni is constant and much higher than the total particle concentration
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(Boisdron and Brock, 1970). The solution of the equations provides the charging
efficiency and charge distribution for a given N i t condition.

dN 0
= −β 0 N 0 N i ,
dt

(3-3)

dN1
= β 0 N 0 N i − β1 N1 N i ,
dt

(3-4)

……

dN n
= β n −1 N n −1 N i − β n N n N i ,
dt

(3-5)

where N n is the particle number concentration with n elementary charges, t is the particle
residence time, and βn is the combination coefficient between particles with n elementary
charges and ions, which can be calculated by Fuchs limiting sphere theory (Fuchs, 1963)
in the transition regime. It assumes that the space around a particle is separated into two
regions by an imaginary sphere concentric to the particle. Outside the limiting sphere, the
motion of ion is determined by the macroscopic diffusion mobility theory; between the
sphere and the particle, ion movement is described by the thermal speed and interaction
potential with the particle. Matching of the flux of ions at the surface of the limiting
sphere, the combination coefficient is calculated.

β=

πθciδ 2 exp(−

ϕ (δ )

)
kT
θc δ 2
ϕ (δ ) ∞ 1
ϕ (r )
1 + i exp(−
) ∫ 2 exp(
)dr
δ
kT
4 Di
kT
r

5/ 2
3
5
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where δ = 2  1 +  − 1 + 2 1 +  + 1 + 2   ,
a  3  a 
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(3-6)

(3-7)
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φ (r ) = ∫ Fdr = K E 
r

(

)

(3-8)

Here, θ is the probability of an ion entering the limiting sphere to collide and
transfer its charge to particles, δ is the limiting-sphere radius, which is a function of
particle radius a and the ion mean free path λi, ci and Di are the mean thermal velocities
and the diffusion coefficients of the ion, respectively, k is the Boltzmann’s constant, T is
the temperature of the system, and φ(r) is the potential energy at the distance r from the
center of particle, in which F is the ion-particle interaction force (the Coulomb force and
the image force), KE is coulomb constant in the form of K E = 1 / 4πε 0 with the vacuum
permittivity ε 0 , e is the elementary unit of charge, κ is the image force parameter in the
form of κ =

(ε − 1) 2
e with particle dielectric constant ε .
(ε + 1)

Without the electrical force, the collision probability θ is the square of the ratio of
a2
the particle radius to the limiting sphere radius ( θ = 2 ). For a charged particle, θ is
δ
calculated by the minimum collision parameter (Natanson, 1960),
2


b 2 = r 2 1 +
[φ (δ ) − φ (r )] .
 3kT


(3-9)

By setting db 2 / dr = 0 , the collision probability θ is calculated as

θ=

bm2
,
δ2

(3-10)

where bm is the minimum collision parameter.
In equation (3-6) and (3-7), to calculate the combination coefficient β the mean
thermal velocity ci, diffusivity of ions Di, and mean free path λi are used, which can be
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estimated based on the electrical mobility Zi and molecular weight Mi of ions as follows,
(Kennard, 1938; Einstein, 1956)
ci =

Di =

8kTN a
,
πM i

(3-11)

kTZ i
,
e

λi = 1.329

Zi
e

(3-12)
kTM i M g
(M i + M g ) N a

,

(3-13)

where Na is Avogadro’s number and M g is the molecular weight of background gas.

3.4

Results and Discussion

3.4.1

Optimization of the Operational Condition for the Prototype

First, the penetration of uncharged particles through the prototype without any
applied voltage was measured and shown in Fig. 3.4. Monodisperse Ag particles in the
diameters ranging from 5 to 20 nm were used for the measurement at different aerosol
flow rates. The standard deviation for each data point includes the UCPC fluctuation. As
expected the loss of uncharged particles in the prototype increases as the particle size and
aerosol flow rate decrease. At the aerosol flow rate of 3 lpm, the uncharged particle
penetration of the prototype reduces to 75% at 5 nm. The loss of uncharged particles
larger than 20 nm is less than 5% and negligible for aerosol flow rate higher than 3 lpm.
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Figure 3.4 Penetration of uncharged particles through the prototype

The optimization of operational settings is required to maximize the performance
of an aerosol charge conditioner. Practical applications using the charge conditioners will
benefit the most when such optimization is focused on the extrinsic charging efficiency.
For an aerosol charger based on the ion attachment technique, the intrinsic charging
efficiency is affected mainly by the Nit (Ni is the ion concentration and t is the particle
residence time) value when the charging mechanism is dominated by ion diffusion (Liu
and Pui, 1974b), especially for particles in the submicron and nanometer range. For the
prototype, the particle residence time in the charging zone can be controlled by the
aerosol flow rate. The ion concentration in the charging zone can be controlled by either
the corona current or ion-driving voltage. With a higher corona current or higher ionvoltage, the ion concentration in the charging zone of the charger can be increased, which
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leads to the increase of intrinsic charging efficiency. However, the increase in ion
concentration results in more charged particle loss because of the space charge effects.
Thus, the extrinsic charging efficiency of the prototype would not be continuously
increased if we simply increased the ion concentration in the charger charging zone. A
decrease of the ion-driving voltage reduces the loss of charged particles due to the
electrostatic effect. Unfortunately, it also reduces the intrinsic charging efficiency of the
prototype, resulting in the decrease in extrinsic charging efficiency. An experiment was
thus conducted to optimize the operational setting of the prototype with respect to the
extrinsic charging efficiency.
We selected monodisperse Ag particles in the diameter of 10 nm as our test
aerosol. Fig. 3.5(a, b) shows the intrinsic and extrinsic charging efficiencies of the
prototype charger at various corona discharge currents and ion-driving voltages,
respectively. The aerosol flow rate was fixed at 3 lpm. It is evident in Fig. 3.5a that the
intrinsic charging efficiency increases with the increase of the ion-driving voltage and/or
corona current. However, the data given in Fig. 3.5b shows that the effect of corona
current on the extrinsic charging efficiency is not noticeable for the prototype. This
implies that the ion-driving voltage is the main parameter for the control of ion
concentration in the charging zone. For steady operation, the corona current is thus fixed
at 2 µA in the following experiment. Further, the extrinsic charging efficiency increases
with an increase of the ion-driving voltage, and remains constant after an ion-driving
voltage of 600 V.
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Figure 3.5 Intrinsic and extrinsic positive charging efficiencies of the prototype for 10 nm
particles at different corona discharge currents and ion-driving voltages
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Fig. 3.6(a, b) shows the intrinsic and extrinsic charging efficiencies of the
prototype at different aerosol flow rates and ion-driving voltages, respectively. The
corona discharge current was fixed at 2 µA. As expected, the intrinsic charging
efficiencies decrease with the increase of aerosol flow rate. For the extrinsic charging
efficiency, a higher aerosol flow rate requires a higher ion-driving voltage to achieve the
maximum. In the 1 KV ion-driving voltage range, the maximal extrinsic charging
efficiency occurred at a 3 lpm aerosol flow rate and an ion-driving voltage of 600 V.
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Figure 3.6 Intrinsic and extrinsic positive charging efficiencies of the prototype charger
for 10 nm particles at different aerosol flow rates and ion-driving voltages

3.4.2

Charging Efficiency for the Prototype

The intrinsic and extrinsic charging efficiencies of the prototype at an aerosol
flow rate of 3 lpm and an ion-driving voltage of 600 V for particles in the size range from
5 to 50 nm are shown in Table 3.1 and Fig. 3.7(a, b). For the comparison, we also include
the experimental charging efficiency data of Buscher’s charger (Buscher et al., 1994), the
twin Hewitt charger (Kruis and Fissan, 2001), the mixing-type charger (Qi et al., 2007),
and the miniature charger (Qi et al., 2008) in Fig. 3.7(a, b). For the intrinsic charging
efficiency (shown in Fig. 3.7a), the prototype charger gives better performance than
mixing-type and miniature chargers. The intrinsic charging efficiency of the prototype is
higher than 80% for particles with diameters larger than 15 nm. Among all the corona-
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based unipolar chargers, the prototype shows nearly the same extrinsic charging
efficiency as twin Hewitt and mixing-type chargers over the studied size range, and better
than Buscher’s and the miniature chargers. The extrinsic charging efficiency of the
prototype is higher than 60% for particles of diameters larger than 15 nm.
Table 3.1 Charging efficiency data for the prototype
Dp

Intrinsic charging

Standard

Extrinsic charging

Standard

(nm)

efficiency (%)

deviation (%)

efficiency (%)

deviation (%)

5

31.76

2.33

7.14

0.67

7

43.99

1.92

17.85

1.05

10

59.63

3.40

34.53

2.55

15

79.71

5.06

56.32

4.79

20

90.80

6.45

68.85

4.72

30

98.49

6.60

82.08

5.48

40

100.00

-

83.33

3.71

50

100.00

-

88.26

5.39
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Figure 3.7 Comparison of intrinsic and extrinsic positive charging efficiencies among
different chargers for particles in the size range from 5 to 50 nm
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3.4.3

Control of Ion Concentration in the Prototype

As discussed above, the ion concentration in the prototype is controlled by the
ion-driving voltage. Fig. 3.8 shows the intrinsic charging efficiency of the prototype at
various ion-driving voltages when particle concentrations were on the order of 103~104 #/
cm3. The aerosol flow rate and corona current of the prototype were fixed at 3 lpm and 2
µA, respectively. Further included in Fig. 3.8 are the curves calculated by the birth-and-

death particle charging model (Boisdron & Brock, 1970) with the ion-particle
combination coefficient calculated by the Fuchs limiting sphere model (Fuchs, 1963). For
positive ions, the values of the most probable ion mass and mobility used were 109 amu
and 1.4 cm2/V-s, corresponding to the hydrated proton H+(H2O)6 (Pui et al., 1988). The
Nit value listed for each ion-driving voltage was obtained by varying Nit to best fit the
experimental data. The calculated Nit values were on the order of 106~107 s/cm3, 100
times larger than particle concentration. This satisfies the birth-and-death model
assumption that the ion concentration should be much higher than that of particles. The
charging model assumes that the ion concentration in the charging zone is constant. The
discrepancy between the experimental and calculated data might be because of the spatial
non-uniformity of the ion concentration in the charging zone of the prototype.
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Figure 3.8 Intrinsic positive charging efficiencies of the prototype at different ion-driving
voltages

To experimentally estimate the ion number concentration in the charging zone,
the charger case was grounded via a resistor. The voltage on the resistor was measured by
a multimeter to further obtain the current I, which are 17.76, 9.09 and 2.93 nA at the iondriving voltage of 600, 400, and 200V, respectively. According to the deposition of ions
on the charger case, the current I can also be calculated as

I = eSvi N i ,

(3-14)

where S is the deposition area of ions, N i is the average ion concentration in the
charging zone, and vi is the ion travelling velocity as a function of electrical field E with
the expression vi=ZiE. Since it is difficult to directly obtain the deposition area S from the
structure of the charger, we assume that it is located at the corner between the contraction
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part and the charger outlet tube. So the deposition area S can be calculated as S=2πrl,
where r is the inner radius of the outlet tube and l is the length of the deposition area at
the corner. Due to the non-uniform of the electrical field in the charging zone, there is no
simple solution to describe the electrical field. To simplify the calculation, the electrical
field is expressed as E=Va/d, where Va is the voltage applied on the corona module and d
is the distance between the screen and the corner.
The average particle residence time in the charging zone is calculated as
t=

V
,
Q

(3-15)

where Q is the aerosol flow rate and V is the volume of the charging zone with the
expression V=πr2d, which is defined as the space between the screen of the corona
module and the corner. At the aerosol flow rate of 3 lpm, the residence time t is
estimated to be 12.6ms.
Based on the above description, the product of N i t is expressed as
Nit =

I V
Ird 2
=
.
eSvi Q 2eZ iVa Ql

(3-16)

The unknown variable l can be estimated by matching the Nit values from the unipolar
charging model. At the length l of 0.76 mm, the products of N i t are 1.11E7, 8.52E6, and
5.49E6 s/cm3 at the ion-driving voltage of 600, 400, and 200V, respectively. The small
value of l means that most of ions are deposited at the corner between the contraction and
the outlet tube, which also confirms our assumption.
The unipolar ion charging increases the percentage of electrically charged
nanoparticles for the size distribution measurement. The information of multiple charges
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on particles becomes critical from the viewpoints of particle size distribution
measurement and classification. In the experiment measuring the charge distribution on
particles, the prototype was operated at 3 lpm aerosol flow rate and 2 µA corona current.
Table 3.2 and Fig. 3.9(a-d) show the positive charge distributions of test particles with
diameter of 60 nm and at the concentration of approximately 1.3×104 #/cm3 for various
ion-driving voltages. Note that the experimental data shown in Table 3.2 and Fig. 3.9 is
the extrinsic charge distribution of particles, not the intrinsic one. As a reference, the
intrinsic charge distributions calculated by the birth-and-death charging model with the
Fuchs limiting sphere theory are also given in Fig. 3.9. The Nit values best fitted in the
prediction of intrinsic charging efficiency (i.e., obtained in Fig. 3.8) were used in this
calculation. The agreement between the experimental and calculated charge distributions
is very reasonable. The discrepancy between both charge distributions can be attributed
to the loss of charged particles and the non-uniform ion concentration in the charging
zone. As expected, particle charge distributions move towards singly charged status with
the decrease of ion-driving voltage. By varying the ion-driving voltage, we can adjust the
ion concentration in the charging zone to control the charge distribution or the mean
charges on particles.
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Table 3.2 Extrinsic positive charge distributions of test particles with diameter of 60 nm at a concentration of about 1.3×104 #/cm3 for
different ion-driving voltages
Fraction (%)
Number of

Model
Experiment

elementary charges

Model
Experiment

(Nit=1.2E7
(600V)

Mode
Experiment

(Nit=8E6
(400V)

s/cm3)

Model
Experiment

(Nit=5E6
(200V)

s/cm3)

(Nit=1.7E6
(0V)

s/cm3)

s/cm3)

1

8.67

4.33

12.87

13.90

31.09

32.30

52.52

58.85

2

44.82

52.38

49.29

60.62

44.41

55.26

20.49

19.78

3

26.45

39.51

20.52

24.08

10.81

11.17

2.90

1.03

4

7.95
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5.96
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Figure 3.9 Extrinsic positive charge distributions of test particles with diameter of 60 nm
at a concentration of about 1.3×104 #/cm3 for different ion-driving voltages

Note that the particle concentration and initial status of charges on particles are
also important in the particle charge conditioning process (Adachi et. al., 1989; Qi et. al.,
2009). Particle charge distribution may be varied for particles with high concentrations
and/or at different initial charge statuses when using the same operational setting for the
prototype. Nonetheless, one can always reach the desired charge distribution on particles
with the feature of controllable ion concentration built in the prototype.

3.4.4

Comparison of Positive and Negative Charging

In our study, we further evaluated the performance of the prototype for negative
charge conditioning. Via the same optimization process as described in section 3.4.1, the
optimal operation condition for the prototype via negative ions is the same as that via
positive ions. The positive and negative extrinsic charging efficiencies for the prototype
in particle sizes ranging from 5 to 50 nm are shown in Table 3.3 and Fig. 3.10. For the
comparison, we also include the experimental data of the mixing-type charger and the
miniature charger in Fig. 3.10. Note that the operational conditions of the mixing-type
and miniature chargers for negative charging were optimized at 5 lpm and 1.5 lpm,
respectively. The prototype shows equivalent extrinsic charging efficiencies for both
positive and negative charging, which are higher than the other two chargers. Also note
that the negative charging efficiency for the mixing-type charger is far lower than its
positive one. This is because of much smaller orifices used to limit the sonic jet flow rate
for delivering charging ions in the mixing-type charger. With high electrical mobility of
negative ions and the presence of a strong corona field, it is difficulty for negative ions to
survive through the orifices with much smaller size, resulting in low ion concentration in
the charging region of the mixing-type charger. For the miniature charger, the negative
charging efficiency is slightly higher than the positive one because of higher electrical
mobility of negative ions. However, the negative charging efficiency of the miniature
charger remains less than that of the prototype, because the tight charging zone and iondriving field design of the miniature charger leads to more charged particle loss in the
exiting process.
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Table 3.3 Comparison of extrinsic charging efficiency of the prototype between positive
and negative charging for particles in the size range from 5 to 50 nm
Standard
Dp

Positive extrinsic

Standard
Negative extrinsic

deviation
(nm)

charging efficiency (%)

deviation
charging efficiency (%)

(%)

(%)

5

7.14

0.67

8.53

0.74

7

17.85

1.05

16.91

1.38

10

34.53

2.55

32.81

3.05

15

56.32

4.79

59.63

5.21

20

68.85

4.72

71.62

8.56

30

82.08

5.48

81.74

2.10

40

83.33

3.71

86.98

6.10

50

88.26

5.39

92.30

6.39
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Figure 3.10 Comparison of extrinsic charging efficiency between positive and negative
charging for particles in the size range from 5 to 50 nm

3.5

Summary
The performance of a prototype corona-based, unipolar aerosol charge conditioner

has been experimentally investigated. The construction of the prototype consists of an
outer metal case and a corona discharge tube module with one end capped with a metal
screen. Ions produced by the corona discharge module are driven through the metal
screen by a weak, biased electrical field between the screen and conditioner case (i.e.,
ion-driving voltage). The ion concentration in the charging zone can thus be controlled by
varying ion-driving electrical field strength. The particle charging zone in the prototype is
defined as the space between the metal screen and the aerosol exit channel of the
prototype case. The nearly longitudinal electrical field in the charging zone is established
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by the geometrical arrangement of outer case and aerosol exit tube (both on the electrical
ground), and the tube module (on the ion-driving voltage). The design of the charging
zone in the charger also enables the quick exit of particles once they are electrically
charged, thus reducing the loss of charged particles. No sheath air was used in this
prototype. The aerosol flow is directed into the prototype by two inlets located at
opposite positions, and then flown to the charging zone in a 45o direction to the prototype
axis. The flow design minimizes the potential contamination of the corona needle tip by
particles, thus prolonging the needle’s lifetime.
The performance of the prototype was optimized by varying operational
parameters (i.e., aerosol flow rate, corona current, and ion-driving voltage) to achieve its
maximal extrinsic charging efficiency. The optimization experiment was done with
monodisperse Ag particles of 10 nm in diameter. Based on our finding, the corona current
had negligible effect on the charging performance of the prototype. The corona current of
2 µA was thus used in the rest of our study. Our study also found that operating the
prototype at a 3 lpm aerosol flow and an ion-driving voltage of 600 V offers the maximal
extrinsic charging efficiency.
Both intrinsic and extrinsic charging efficiencies of particles in diameters ranging
from 5 to 50 nm were measured at the optimal operation condition. This prototype
provides higher extrinsic efficiency than other corona-based unipolar chargers for both
positive and negative charging. Charge distributions of monodisperse particles at the
downstream of the prototype, operating at a 3 lpm aerosol flow rate, a 2 µA corona
current and various ion-driving voltages, were measured by the tandem-DMA technique.
The charge distribution measurement confirmed that the charge distribution of particles
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after passing through the prototype is variable via the control of charging ion
concentration with changing the ion-driving voltage. The birth-and-death charging model
with the Fuchs limiting sphere theory was used to obtain the Nit values at different
operation conditions via best fitting to the measured intrinsic charging efficiency. The
same Nit values obtained were also used in the birth-and-death charging model to
calculate the charge distribution of particles. Reasonable agreement was achieved when
the calculated charge distributions of particles were compared with the extrinsic charge
distributions measured. The result implies the less loss of charged particles in the
prototype than existing unipolar chargers in which the aerosol flow direction is
perpendicular to the electrical field direction.

48

Chapter 4
Investigation of Aerosol Charging Using Pen-type UV Lamps

4.1

Introduction
In this study, a simple UV aerosol charger using pen-type UV lamps was

constructed. DMA-classified silver (Ag) and metal oxide particles were used as test
particles and the effect of light intensity on particle photocharging was investigated by
varying the number of lamps used in the charger. Finally, we applied the existing UV
charging model to predict the charging performance of the studied UV charger and
verified it by comparing its result with experimental data.

4.2

Experimental Setup and Procedures

4.2.1

Description of Studied UV Charger and Experimental Evaluation

Fig. 4.1 shows the schematic diagram of the investigated UV aerosol charger. The
basic configuration of the prototype is a quartz tube of about 7 in. long, which is
surrounded by four low pressure Hg lamps (UVP model 96-0004-7). We used a
cylindrical aluminum case having aerosol inlet and outlet at the ends to enclose the quartz
tube and lamps for preventing operators from being exposed to UV light and for
transporting aerosol through the quartz tube without contacting with the lamps. We also
designed an ion trap at the quartz tube exit to minimize the recombination of positively
charged particles and negative ions.
The experiments to characterize the performance of the UV aerosol charger
include the measurements of the charging efficiency and charge distribution of particles
existing from the charger. For the particle charging efficiency, both intrinsic and extrinsic
efficiencies are key parameters for the performance evaluation of an aerosol charger. In
this study, we define the intrinsic charging efficiency as the percentage of entering

50

neutral particles acquiring electrical charges in the charger disregarding their final fates
(i.e., either exiting or lost in the charger), and the extrinsic charging efficiency as the
percentage of entering neutral particles which acquire electrical charges in the charger
and make their exit. The difference between the intrinsic and extrinsic particle charging
efficiencies thus represents the loss of charged particles in the charger (Qi et al., 2007).
Quartz tube

Al case

Ion trap

Aerosol inlet
0.38

7
0.67

0.38

Pen-Ray Hg lamps (185/254 nm)
with 6 in. lighted length

Aerosol
outlet

Figure 4.1 Schematic diagram of the studied UV charge (units in inch)

4.2.2

Experimental Setups

The aerosol dispersion system with two generation techniques is the same as
shown in Fig. 3.2. In one technique, polydisperse Ag particles with electrical mobility
sizes ranging from 7 to 30 nm were generated by the evaporation-and-condensation
method (Scheibel and Porstendörfer, 1983). A constant-output, home-made atomizer was
used in the other technique to produce monodisperse metal oxide particles with electrical
mobility sizes from 50 to 200 nm (Liu and Pui, 1974a). Downstream of the above
described polydisperse aerosol generation systems, a differential mobility analyzer
(DMAs, either TSI Model 3081 or 3085) operating with the aerosol flow rate of 1.5 lpm
and sheath flow rate of 15.0 lpm was used to classify monodisperse particles into the
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desired sizes. To obtain electrically
electrically-neutral
neutral particles for the experiments, DMA-classified
DMA
particles were directed through a Po210 radioactive particle neutralizer and an electrostatic
condenser.
Shown in Fig.. 4.2 is the experimental setup for the performance evaluation of the
UV charger. For the particle charging efficiency measurement, we measured the charged
fraction of particles exiting the UV charger by passing the aerosol stream through a
second electrostatic condenser to remove all charged particles, and then directed the
particles to an ultrafine condensation particle counter (UCPC TSI model 3025A) to count
the number concentration of neutral particles in the stream. In the measurement, both the
UCPC vacuum pump
ump operated at high flow mode (i.e., 1.5 lpm) and the house vacuum
controlled the aerosol flow rate through the UV charger. We used a laminar flow meter
and a needle valve in the gas line to control the flow rate of the vacuum source.

Figure 4.2 Experimental setup for the performance evaluation of the UV charger

52

We then calculated the intrinsic particle charging efficiency using the method of
Romay and Pui (1992):

ηin = 1 −

N1
,
N2

(4-1)

where ηin is the intrinsic charging efficiency; N1 and N2 the particle number
concentrations measured downstream of the second electrostatic condenser with applied
high voltage turned on and off, respectively. We evaluated the extrinsic particle charging
efficiency using the method described by Chen and Pui (1999):

η ex =

N 3 − N 1 / Pec
,
N4

(4-2)

where ηex is the extrinsic charging efficiency; N3 the number concentration of particles
exiting the UV charger when it is turned on; N4 the number concentration of particles
entering the UV charger; and Pec the penetration of neutral particles through the second
electrostatic condenser.
This study further characterized particle charge distribution after particles passed
through the UV charger. The particle generation systems for this part of the experiment
were the same as those described previously. Due to the high charge level on particles, it
is difficult to use the TDMA technique to directly measure the charge distribution of
particles with high resolution. Instead, we used an electrostatic precipitator technique in
this study for the charge distribution measurement (Adachi et al., 1991; Forsyth et al.,
1998). The characteristic curve of charge particle penetration through an electrostatic
precipitator can be, in general, expressed as
P = 1 − η c = 1 − KZ p V ,

(4-3)
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where K is a function of precipitator dimension; V the applied voltage on the precipitator;
and Zp the particle electrical mobility with the expression Z p ,n =

n p eCc
3πµd p

, in which np is

the particle electrical charge, Cc the Cunningham correction factor, and µ the gas
viscosity.
Assuming the total charge fraction is equal to 1,

∑F

n, j

= 1 (where Fn,j is the

fraction of particles with n charges), the particle penetration Pj (dp, Vm) with diameter dp
at rod voltage Vm, is calculated as Pj ( d p , Vm ) = 1 − KVm ∑ Fn , j Z p ,n .
In the electrostatic precipitator technique, the penetration of charged particles
through the precipitator at different applied voltages was measured with a UCPC. We
thus retrieved the electrical mobility distribution of particles leaving the charger by
comparing the calculated penetration with collected experimental data using the Bayesian
statistic analysis (Ramachandran and Kandlikar, 1996; Hogan et al., 2009). We then
derived the charge distribution of particles from the electrical mobility distribution of the
particles. Note that the derived charge distribution obtained in our study is for particles at
the charger exit (i.e., extrinsic particle charge distribution), not in the UV irradiation zone
(i.e., intrinsic charge distribution).

4.3

Photocharging Model
Previous works have addressed modeling of aerosol charging by simultaneous

photoionization and gaseous ion diffusion (Maisels et al. 2002; Jiang et al. 2007a;
Hontañón and Kruis, 2008). The evolution with time of the concentration of ions and
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particles in a gas flow under the exposure of UV radiation is governed by the population
balance equations:
dN i
= ∑ ∑ [α q −1→ q − β q +1→ q N i ] N R p , q − ∆ i ,
dt
Rp q

dN R p ,q
dt

(4-4)

= [α q −1→q N R p ,q −1 − α q →q +1 N R p ,q ] + N i [ β q +1→q N R p ,q +1 − α q→q −1 N R p ,q ] − ∆N R p ,q
,(4-5)

where Ni is the concentration of negative ions in the gas; NRp,q the concentration of
particles with the size of Rp; ∆i the particle loss to the charger walls; β the ion-to-particle
attachment coefficient; and α photoionization rate.
The ion-to-particle attachment coefficients are calculated based on the theory of
the limiting sphere by Fuchs (1963)

β=

πθciδ 2 exp(−

ϕ (δ )

)
kT
,
θciδ 2
ϕ (δ ) ∞ 1
ϕ (r )
1+
exp(−
)
exp(
)dr
kT
4 Di
kT ∫δ r 2

(4-6)

where θ is the probability of an ion entering the limiting sphere to collide and transfer its
charge to particles; δ is the limiting-sphere radius, which is a function of particle radius
and the ion mean free path; ci and Di are the mean thermal velocities and the diffusion
coefficients of the ion, respectively; φ(r) is the potential energy at the distance r from the
center of particle; k is the Boltzmann’s constant; and T is the temperature of the system.
The photoionization rate α is the photoelectric yield coefficient (the photoelectron
yield per time for given particles)

α = Y ( hυ )

I
πR p 2 ;
hυ

(4-7)
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where Y(hν) denotes the electron yield per incident photon, h is the Planck’s constant, ν is
the frequency of UV irradiation, and I is the intensity of the radiation. Current models of
photoelectric aerosol charging rely on the Fowler-Nordheim law for photoemission from
clean surfaces
Y ( hυ ) = K c (hυ − Φ ) m (Fowler 1931),

(4-8)

where Kc and m are material-dependent constants and Φ stands for the photothreshold, for
metallic spheres, with the form
Φ = Φ∞ +

e2
4πε 0

(

q +1
5
−
) (Wood 1981);
R p 8R p

(4-9)

where Φ∞ denotes the work function, i.e., the photothreshold for an infinite planar
surface, which is a characteristic of the material, and ε0 and e are the permeability of
vacuum and elementary charge, respectively.
The current data related to the photoemission of nanoparticles is rather limited
and mostly on metal nanoparticles. The Fowler-Nordheim law has been successfully used
to predict the photoemission yield of a variety of metallic particles (Ag, Cu, Pd, Au),
PbS, and SnO with m = 2. However, the photoemission constant Kc is a major unknown
of the model. From experimental observation, the value of Kc is in general larger for
particles than for flat surfaces (Burtscher et al., 1982; Schleicher et al., 1993). It has been
found that the photoemission constant of Ag particles in air increased by a factor of 4
when the particle diameter decreased from 6 to 4 nm (Schmidt-Ott et al. 1980).
Moreover, the photoemission constant was approximately constant in experiments with
Ag particles of diameters between 5.4 and 10.8 nm in helium (Müller et al. 1988a) and
with SnO particles of diameters ranging from 8 to 20 nm in nitrogen (Hontañón and
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Kruis, 2008). In experiments where particles of Ag and sucrose were exposed to soft Xray radiation in the presence of nitrogen, the value of Kc increased by a factor of 2 when
the particle diameter was reduced from 15 to 6 nm (Jiang et al., 2007b). In experimental
studies for aerosol charging by light irradiation, both the photoemission constant Kc and
the intensity of incident light I are often difficult to characterize, and are thus determined
empirically (Maisels et al., 2002, 2003; Jiang et al., 2007a, 2007b; Hontañón and Kruis,
2008).
After substituting in Equation (4-7), the photoionization rate α is then expressed
as

α = Kc

e2
3
πR 2
[hυ − Φ ∞ −
(q + )] 2 .
hυ
4πε 0 R
8

(4-10)

This equation shows that, when hν > Φ, a sphere can be photoionized up to a maximum
charge level at which the process saturates. The maximum can be derived from Equation
(4-10):
q max =

4πε 0
3
( hυ − Φ ∞ ) R − .
2
e
8

(4-11)

The limiting aerosol charging case in which the photoionization dominates the ion
attachment to particles (i.e., α >> βNi) is analyzed herein. The ion balance equation is
irrelevant in such a case. We assume for simplicity that the aerosol is monodisperse and
electrically neutral. We further assume the wall loss of particles is negligible. Using the
birth-and-death theory as proposed by Boisdron and Brock (1970), the particle balance
equations can be solved and the result is as follows:

exp( −α 0→1t )
N R p ,q =

α

q −1

− ∑ k j , q −1
j =0

α

q −1→ q

j → j +1

−α

q → q +1

[exp( −α j → j +1t ) − exp( −α q → q +1t )]
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for

q=0

for

0 < q < qmax

,(4-12)
with

1
k j ,q =

for

− k j ,q −1

α

j=q=0

q −1→ q

for

j<q

− ∑ k j ,q

for

j=q≠0

0

for

j>q

q −1

α

j → j +1

− α q → q +1

j =0

.

(4-13)

Table 4.1 lists the values of the parameters that appeared in the particle
photoionization rate α used in our study. The low-pressure Hg lamps used in our study
emit light with the wavelength of 185 nm in addition to that at the 254 nm rated by the
vendor. From our study we conclude that the photocharging process in the studied UV
charger is in fact dominated by the irradiation with the wavelength of 185 nm, not 254
nm. The detailed explanation for the above conclusion is given in the next section.
Table 4.1 Model parameters used in the simulations
Photon energy hν

6.72 eV

Particle work function Φ ∞ (Ag)

4.26 eV

Fowler law power m

2

Elementary charge e

1.6 * 10-19 C

Permittivity of air ε0

8.85*10 -12 C2/N/m2

Simulation time t

0.45 s
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4.4

Results and Discussion

4.4.1

Charging Efficiency for the UV Charger

The intrinsic and extrinsic charging efficiency of the UV charger at an aerosol
flow rate of 5 lpm for four UV lamps and evaluating with monodisperse Ag particles with
diameters ranging from 5 to 30 nm are shown in Table 4.2 and Fig. 4.3. For comparison,
we also include the experimental charging efficiency of the twin Hewitt charger (Kruis
and Fissan, 2001), the mixing-type charger (Qi et al., 2007), the min-charger (Qi et al.,
2008), and the charge conditioner. The standard deviation for each data point includes the
UCPC fluctuation. For the intrinsic charging efficiency (shown in Fig 4.3a), the UV
charger performs better than the mixing-type charger and the charge conditioner. The
intrinsic charging efficiency is higher than 90% for particles with diameters larger than
15 nm. For the extrinsic charging efficiency (given in Fig 4.3b), the prototype achieves
higher than 80% for particles of diameter larger than 15 nm. Over 90% of the charged
particles exit the UV charger, showing negligible particle loss in the aerosol transport
process. Further, the UV charger performs much better than existing corona-based
aerosol chargers. The above observation could be attributed to different aerosol charging
mechanisms used in photo- and corona-based chargers, and the ability of the aerosol to
exit directly after the charging zone designed in studied UV charger.
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Table 4.2 Charging efficiency data of the UV charger for Ag particles in the size range
from 7 to 30 nm at an aerosol flow rate of 5 lpm with four UV lamps
Dp

Intrinsic charging

Standard

Extrinsic charging

Standard

(nm)

efficiency (%)

deviation (%)

efficiency (%)

deviation (%)

7

44.73

2.15

38.42

1.64

10

74.33

6.15

61.18

4.67

15

96.11

8.30

82.37

6.07

20

99.19

4.57

87.08

3.70

25

99.90

5.21

87.15

4.00
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99.81
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Figure 4.3 Comparison of intrinsic and extrinsic charging efficiency among different
chargers for Ag particles in the size range from 7 to 30 nm

A DMA connected to an external positive high-voltage power supply was used
downstream of the UV charger to find out if there were any negative ions or particles in
the aerosol stream. The absence of negatively charged particles observed indicates that
diffusion charging played no role in altering electrical charges on particles after their
leaving the irradiation zone in the studied charger. We attribute the above observation to
the low ion production in the UV charger because of the low particle concentrations used
in our evaluation. Further, in the experiment the quartz tube was in fact heated by the
absorption of UV light. The temperature of the tube was higher than that of the test
aerosol stream. Thermophoretic forces resulting from the temperature difference between
aerosol stream and tube wall may keep particles in the tube core region.
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To investigate the material dependence of particle photocharging in the UV
charger, monodisperse metal oxide particles (i.e., Fe2O3, TiO2, ZnO, and Co3O4) were
generated using the second aerosol generation technique described in Fig 3.2. We
obtained the former two powders used in this study from Sigma-Aldrich and the latter
two from Nanostructured & Amorphous Materials, Inc. The suspension of metal oxide
powders was prepared by using the ultrasonic processor from Cole-Parmer for 20
minutes. Fig. 4.4 shows the intrinsic charging efficiencies of the UV charger at the
aerosol flow rate of 5 lpm with four UV lamps for tested metal oxide particles in
diameters ranging from 50 to 200 nm. The material dependence on the photocharging
process is very obvious. The collected efficiency data can be classified into two groups:
(1) Fe2O3 and Co3O4 particles and (2) ZnO and TiO2 particles. In the former group,
particles are all electrically charged after the UV charger for particle diameters larger
than 100nm. For the latter group, nearly 30% charging efficiency was achieved for
particles of the same diameters as those in the former group. Furthermore, the intrinsic
charging efficiencies of metal oxide particles are much lower than those for Ag particles.
Other than the different work functions for various particle materials and sizes, the
material dependence for particle photocharging is mainly attributed to the photoemission
constant Kc. To explain this phenomenon, theoretical models were developed to calculate
the photoelectron emissions from small particles (Faraci el at., 1988; Müller et al.,
1988b). The possible reasons may be among the effect of surface Plasmon (Aers and
Inglesfield, 1983), excitation of electron-hole pairs (Penn and Rendell, 1982),
geometrical factors (Chen and Bates, 1986), and escape function (Faraci et al., 1989).
Particle shape may also affect the photocharging process. Fig. 4.5 shows the TEM and

62

SEM pictures of 150 nm metal oxide particles, which consist of primary particles of
diameters around 20~30 nm. Generally, the agglomerate metal oxide particles are not
perfect spherical. The surface roughness may affect the photo absorption and the electron
emission during particle photocharging process.
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Figure 4.4 Comparison of intrinsic charging efficiencies of the UV charger for different
metal oxide particles in the size range from 50 to 200 nm at an aerosol flow
rate of 5 lpm with four UV lamps
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Figure 4.5 TEM and SEM pictures of 150 nm metal oxide particles

4.4.2

Charging Distribution for the UV Charger

We performed the experiment measuring the charge distribution on particles
exiting the UV charger with the four UV lamps turned on and operated at 5 lpm aerosol
flow rate. Figs. 4.6 and 4.7 are the measured charge distributions for Ag particles with
diameters from 7 to 25 nm, and for Fe2O3 particles with diameters from 50 to 150 nm,
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respectively, after their passing through the UV charger. The concentrations of test
particles were kept at the level of 1×103 ~ 2×104 #/cm3. Note that the experimental data
shown in Figs. 4.6 and 4.7 are in fact the extrinsic charge distribution of particles, not the
intrinsic one. As expected, the particle charge distributions move towards the regime of
high charges as particle size increases. Note that the charge distribution of 25 nm Ag
particles is similar to that of 100 nm Fe2O3 particles, again showing the significant
material dependence of the photocharging process.
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Figure 4.6 Extrinsic charge distributions of Ag particles with diameter from 7 to 25 nm at
an aerosol flow rate of 5 lpm with four UV lamps
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Figure 4.7 Extrinsic charge distributions of Fe2O3 particles with diameter from 50 to 150
nm at an aerosol flow rate of 5 lpm with four UV lamps

4.4.3
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Effect of Irradiation Intensity

Fig. 4.8 shows the intrinsic charging efficiencies for Ag particles of diameters
ranging from 5 to 30 nm, when the UV charger was operated at an aerosol flow rate of 5
lpm with one, two, or four lamps turned on. In all these cases, the diffusion charging is
negligible because the ratio of the photionization rate to the diffusion charging rate
α/(βNi) is greater than 100. As reference, the intrinsic charge efficiencies calculated by

the above discussed photocharging model are also plotted in Fig 4.8. The calculated
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curves shown in Fig 4.8 represent the analytical solution to best fit the experimental data
by varying the value of KcI. The best fitted value of KcI is also given in the legend of the
figure. In this calculation, the wavelength of the pen-type UV lamps was set at 185 nm.
However, when the wavelength was set at 254 nm, the maximum charge level of 15 and
25 nm Ag particles were 3 and 5 charges, respectively, according to Equation (4-11).
However, from Figs 4.5(c) and 4.5(d), the charge status of 15 and 25 nm Ag particles are
higher than those calculated using 254 nm wavelength. Thus the photocharging process
in the studied UV charger is dominated by the irradiation with the wavelength of 185 nm.
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Figure 4.8 Comparison of intrinsic charging efficiencies of the UV charger for Ag
particles in the size range from 7 to 30 nm at an aerosol flow rate of 5 lpm
with one, two, and four UV lamps
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For a given irradiation condition, a constant value of KcI enables us to get a good
fit to the corresponding intrinsic charging efficiency measured for test particles between 7
and 30 nm. We thus concluded that no dependence of the photoemission constant Kc on
the particle size was observed for Ag particles in the tested size range. The aerosol
photocharging model assumes that the light intensity in the irradiation zone of the UV
charger is uniform. The discrepancy between the experimental and calculated efficiency
data might be because of the spatial non-uniformity of the light intensity in the irradiation
zone. Further, the ratio of the KcI values at the three light intensity conditions is 3.75:2:1,
close to the number ratio of UV lamps (i.e., 4:2:1) used in the corresponding cases. It is
thus evident that the photoionization rate α is most likely proportional to the light
intensity I.
Table 4.3 and Fig. 4.9(a-c) show the charge distributions of Ag particles with the
diameter of 15 nm and at the concentration of approximately 2×104 #/cm3 under the
irradiation of various numbers of UV lamps. As reference, the intrinsic charge
distributions calculated by the photocharging model are also given in Table 4.3 and Fig
4.9. The best-fitted KcI values obtained from the intrinsic charging efficiency data were
used in this calculation of particle charge distribution. As expected, particle charge
distributions move towards the status of single charge with the decrease of light intensity.
Reasonable agreement between the experimental and calculated charge distributions was
obtained in our study. The discrepancy between measured and calculated charge
distributions can be attributed to the loss of charged particles in the charger and the nonuniform light intensity in the irradiation zone.
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Table 4.3 Comparison of extrinsic charge distributions of 15 nm Ag particles at the concentration of approximately 2×104 #/cm3 with
one, two, and four UV lamps
Fraction (%)

Number of
elementary

Experiment

Model

Experiment
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Experiment

Model
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(KcI=0.8×1035)
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Figure 4.9 Comparison of extrinsic charge distributions of 15 nm Ag particles at the
concentration of approximately 2×104 #/cm3 with one, two, and four UV
lamps

4.5

Summary
Particle photocharging for particles of various materials (i.e., Ag, Fe2O3, Co3O4,

ZnO and TiO2) has been investigated through a simple UV charger with pen-type UV
lamps. The studied UV charger consists of a quartz tube about 7 in. long as the aerosol
irradiation zone, four low-pressure Hg lamps located around the quartz tube, and an outer

cylindrical aluminum case with aerosol inlet at one end and outlet at the other end. The
charger also has an ion trap section at the exit of the quartz tube to remove free ions.
We experimentally evaluated the performance of the UV charger operated at 5
lpm flow rate and with four UV lamps using monodisperse Ag with diameters from 7 to
30 nm and metal oxide particles with sizes ranging from 50 to 200 nm. We characterized
both extrinsic and extrinsic charging efficiencies of the UV charger, and measured the
charge distributions of particles passing through the UV charger using the electrostatic
precipitation technique for particles of sizes larger than those studied in previous work.
We also compared the performance of the UV charger to existing corona-based chargers.
The studied UV charger provides higher extrinsic charging efficiencies than corona-based
unipolar chargers for Ag particles. The extrinsic charging efficiency of the prototype is
higher than 80% for particles of diameters larger than 15 nm. Depending on the material
of test particles, the charging efficiency of the UV charger varies much, showing
significant material dependence for the photocharging. Charge distributions of
monodisperse Ag and Fe2O3 particles at the exit of the UV charger, operating at a 5 lpm
aerosol flow rate and with four UV lamps turned on, were measured by the electrostatic
precipitation technique. The charge distribution of 25 nm Ag particles is similar to that of
100 nm Fe2O3 particles, which further concludes the material dependence of the
photocharging process.
To evaluate the effect of irradiation intensity on particle photocharging, we
measured the charging efficiencies and charge distributions for Ag particles with sizes
from 7 to 30 nm at an aerosol flow rate of 5 lpm, with one, two, or four lamps turned on.
This study used the UV charging model with the photoemission following the Fowler-
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Nordheim law to obtain the KcI values at various operational conditions by best fitting to
the measured intrinsic charging efficiency. The same KcI values obtained above were
then used in the charging model to calculate the charge distribution of particles. The
study achieved reasonable agreement between calculated and measured charge
distributions of particles.
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Chapter 5
Review of Characterization of Particle Magnetic Moment
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5.1

Instrument for Magnetic Moment Measurement
Particle magnetic moments are measured by different types of magnetometers,

which are categorized into two groups (Czichos et al., 2006):
•

The induction method, where a voltage is induced in an electrical circuit by
the motion of the sample, e.g., the vibrating sample magnetometer (VSM), or
a superconducting quantum interference device (SQUID) magnetometer for
highest sensitivity;

•

The force method, where the magnetic force on the sample is measured in a
non-uniform magnetic field, e.g., the Faraday balance, or a magnetic force
microscope (MFM).

The operations of VSM and SQUID magnetometers are based on the principle of
Faraday's Law: any change in the magnetic field around a coil will create a corresponding
electric field, which we can measure as an induced signal in the coil. The change can be
produced by changing the magnetic field strength, altering the coil position by moving or
rotating it in the magnetic field generated by a permanent magnetic material or
electromagnetic coil. According to the induced signal, we can retrieve the information
about the changing magnetic field.
The VSM is a widely used scientific instrument to determine the magnetic
properties of various materials since its invention by Foner (1959). Generally, the VSM
uses a stationary pick-up coil and a vibrating sample, but researchers have also proposed
the reverse arrangement. A sample is placed in a uniform magnetic field between the
poles of the electromagnet and vibrates in sinusoidal motion vertically to the field
direction through the use of piezoelectricity, such as an electric motor or a transducer
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similar to a loudspeaker system. The induced signal at the frequency of vibration in the
suitably placed pick-up coil is proportional to the sample's magnetic moment,
independent of the magnetic field (Czichos et al., 2006). Using the VSM, we can measure
the magnetic properties of powders, bulk materials, and thin films, and study them as a
function of magnetic field (hysteresis curve), temperature (thermomagnetic analysis),
angle (anisotropy) and time.
Different from the VSM, the SQUID magnetometer has two superconductors, a
superconducting pick-up coil and a superconducting quantum interference device
(SQUID), separated by thin insulating layers to form two parallel Josephson junctions as
the flux detector. Base on the DC Josephson effect, the input current is equally separated
into the two branches without a magnetic field. If there is an external magnetic flux
through the superconducting loop, the device will generate a biasing current to provide a
magnetic field to compensate for the flux change. If the induced current is larger than the
critical current for the Josephson junction, the superconductor becomes resistive, and a
voltage is produced. With further increase of the external flux, the measured voltage
oscillates with changes in direction at the two junctions. If the original input current is
higher than the critical current, the SQUID is always in the resistive mode, and the output
signal is proportional to the current, which is a function of the external magnetic field
(Clarke, 1994). The SQUID magnetomter is about 1000 times more sensitive than the
VSM for the magnetic moment measurement. For example, a commercial VSM system
offers measuring capabilities down to approximately 10-9 Am2, while the SQUID
magnetometer with a SQUID sensor rather than a pick-up coil reached a detection limit
of 10-12 Am2 (Czichos et al., 2006). Similar to the VSM, the SQUID magnetometer can
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measure the magnetic moment of a sample, from which the magnetization and magnetic
susceptibility can be further retrieved. Moreover, it is definitely a better choice than the
VSM when high sensitivity is required for the measurement, e.g., a sample with a low
magnetic moment or a low mass.
In the force method, the magnetic force on the sample in a magnetic field, which
is a function of the magnetic moment or susceptibility of the sample, is measured by a
sensitive balance or a force transducer.
Faraday balance and Gouy balance are similar to each other. A pair of magnets is
placed at one end of a balanced system, which generates a magnetic field strength H.
When a sample is suspended between the poles of the magnets, the magnetic force acting
on the sample is proportional to its magnetic susceptibility χ. In the Faraday balance, the
force is expressed as F = VχH

dH
, where V is the volume of the sample. Since the pole
dz

caps of the magnets are shaped so that the product H(dH/dz) is constant over a
considerable range in vertical direction z on the symmetry axis of the magnet, it is easy to
evaluate the magnetic susceptibility of a sample from the measured force. The Faraday
method is suitable for all kinds of materials, especially ferro- and ferrimagentic
specimens (Czichos et al., 2006). In the Gouy balance, the sample with long cylindrical
shape is suspended from a balance, so that one end is located between the poles of an
electromagnet. The other end, outside the poles, is affected by the stray field strength
much less than that between the poles. The magnetic force exerted on the sample is in the
form of F ≈

1
AχH 2 , where A is the cross-sectional area of the sample. The Gouy
2

method is mainly used for para- and diamagnetic materials including liquids and gases.
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Recently, magnetic moment per unit mass of magnetic nanoparticles was found
by using the atomic force microscope (AFM) (Park et al., 2008). A microfabricated force
transducer measured the magnetic force of the tested sample by with the expression
F = M ( H )m

dH
, where M(H) is the magnetization per unit mass of the material, m is
dz

the mass of sample determined from the resonance frequency shift of the particleattached AFM probe, and dH/dz is the magnetic field gradient. The magnetization curve
of the nanoparticles was determined as a function of magnetic field strength.
All these methods are used for off-line analysis, which means it takes significant
time to collect samples of sufficient material before the measurements can be performed.
The first measurement technique allowing on-line measurement of particle
magnetic properties was introduced by Kauffeldt et al. (1993). It responds to
micromagnetism of non-interacting particles rather than the collective magnetization of a
powder. This method used a set of wire mesh Nickel screens to establish a high gradient
magnetic field for removing magnetic nanoparticles from their carry gas stream. The
particle number concentration upstream and downstream of the filter was measured by an
Ultrafine Condensation Particle Counter (UCPC). The single fiber efficiency was derived
directly from the measured data as a function of particle size, particle magnetic moment
and fiber magnetization. A numerical model using particle trajectory analysis was
developed, and the magnetic moments of iron/iron oxide particles ranging from 40 to 170
nm with single magnetic domain were obtained (Kauffeldt et al., 1996).
The magnetic filter provides new opportunities for basic research of magnetic
particles and is a tool to optimize magnetic particle generation combined with aerosol
methods of size classification (Kauffeldt et al., 1997). Agglomerates of oxidized iron
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particles were produced in the size range from 10 to 200 nm and investigated with respect
to particle size, shape and particle magnetic moment by the above method and scanning
transmission electron microscopy (Kauffeldt et al., 1995). The magnetic moment is
increased by formation of more chain-like agglomerates due to the aligned coagulation,
in which the primary magnetic moments are aligned more in parallel.
This method of using a set of wire mesh magnetic filters to remove nanometersized magnetic particles is called high gradient magnetic separation (HGMS). Coupled
with novel techniques, e.g., magnetic seeding in which magnetic particles as a coagulant
flocculate with non-magnetic materials, and functionalized particles in which magnetic
particles have a strong binding to non-magnetic substances, HGMS is widely used in the
treatment of biological fluids, of industrial fluids, and of wastewater (Rembaum et al.,
1982; Miltenyiet al., 1990; Moeser et al., 2002; Bucak et al., 2003; Chen et al., 2007a;
Anand, 1985; Shaikh and Dixit, 1992; Nedelcu and Watson 2002, Newns and Pascoe
2002, Karapinar 2003).

5.2

Modeling of Magnetic Filters
Significant effort has been made to simulate the particle capture process in the

magnetic filters since the introduction of HGMS. The technique makes use of small
magnetic wires as filter elements, which generate local gradients in a uniform magnetic
field. By increasing the magnetic field gradient around the fiber, particles with very weak
magnetization can be attracted to its surface through the magnetic force from the carrier
fluids, which is impossible in the traditional filtration and magnetic separation methods.
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Particle trajectory models, consisting of partial differential equations that
dynamically simulate the influence of various forces on the motion of a single particle
toward a single fiber, have been use to calculate the capture cross section. In this kind of
system, the capture cross section is the maximum perpendicular distance in which the
released particles can pass through the fiber and still be retained. It depends on many
factors, e.g., the size and magnetic properties of the suspended particle and the wire, the
flow and magnetic field, and the physical properties of the liquid, such as density and
viscosity. Most of the trajectory models only emphasized two particular configurations:
longitudinal when the magnetic field and fluid flow are perpendicular to the fiber and
both parallel to each other and transverse when the magnetic field, fluid flow, and fiber
are perpendicular to each other (Cowen et al., 1976; Gerber, 1994; Gerber and Birss,
1983; Luborsky and Drummond, 1975; Watson, 1973, 1978b). With the accumulation of
particles on the surface of the fiber, the flow and magnetic field may be changed.
Moreover, the inter-particle forces may also need to be considered to simulate the loading
behavior of the filter (Akoto, 1977; Chen et al., 2007b; Cowen and Friedlaender, 1977;
Cowen et al., 1976; Gerber, 1994; Gerber and Lawson, 1989; Gerber and Birss, 1983;
Luborsky and Drummond, 1975; Watson, 1978a, Ying et al., 2000).
Watson (1973) developed a trajectory model and found the capture cross section
as a function of the ratio of the particle face velocity to the magnetic velocity. It is valid
at low magnetic field conditions over a clean wire for both the longitudinal configuration
and the transverse configuration (Gerber, 1994; Gerber and Birss, 1983). Later, Luborsky
and Drummond (1975) extended this model by considering ribbon and rod-like wires
instead of cylindrical ones. Clarkson et al. (1976) improved this model by adding the
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gravitational and the inertial forces. However, this trajectory model overlooks the effect
of the short-range term (Mf/2H) of the radial component of the magnetic force, where Mf
and H are the fiber magnetization and applied external magnetic field, respectively.
Cowen et al. (1976) made adjustments to this limitation, but only when the fiber and the
particles are of equal size. Gerber et al. (Gerber and Birss, 1983; Gerber, 1994) further
improved the correlations for a wider spectrum of conditions from analytical
approximations of trajectory models for both the transverse and longitudinal
configurations. However, the main restriction of these correlations is only suitable for
extreme values of the magnetic field (i.e., only at low and high values), and therefore lack
the continuity in the middle. Ebner and Ritter (2001) resolved this problem with the
introduction of a new parameter. The new correlation covered much wider ranges of
operation conditions and physical properties for both the longitudinal and transverse
configurations. However, it only considered the situation where the fiber was clean and
was appropriate for the early stages of the magnetic filtration process.
For the magnetic filter developed by Kauffeldt et al (1996), particle trajectory
models were developed to retrieve the magnetic moment of particles from the measured
penetration difference between the case that applied an external magnetic field and the
case that did not (Kauffeldt et al., 1996; Zarutskaya and Shapiro, 2000). These models
assumed that the particle magnetic moment is independent of the applied external
magnetic field. The combined effect of the Brownian motion and particle rotation on the
particle capture efficiency does not exceed more than a few percent. Accordingly, in
modeling the magnetically assisted capture, we may effectively assume the particles to be
diffusionless and to have their magnetic moment vectors oriented along the local
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magnetic field. The influence of filtration operating conditions and particle diameters on
the particles’ behavior and magnetic capture efficiency was investigated numerically.
Strong dependence of the capture efficiency on the particle diameter was found for
particles with the diameter less than 200 nm.
However, these models were not experimentally validated prior to their use. The
actual magnetic moment of the test particles used in the experiment was not characterized
by other reference methods (for example, VSM or AFM), nor was it compared with that
obtained via the models themselves. Furthermore, these models did not consider the
effects of flow and magnetic field variation due to the presence of woven wires, although
in reality the magnetic filter is constructed of well-defined mesh screens.
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Chapter 6
Calibration and Modeling of a Magnetic Filter
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6.1

Introduction
In this study, a magnetic filter consisting of ten SS 430 screens with 200 mesh

was designed and tested using monodisperse γ-Fe2O3 particles ranging in size from 100
to 300 nm at different flow rates. To obtain the particles’ magnetic susceptibility, we
developed a particle trajectory model to describe the behavior and collection of magnetic
particles from carry gas in the magnetic filter. To validate the proposed model, we
compared the magnetic susceptibility of particles obtained from the proposed model to
that obtained from VSM. Further, the effects of filtration operation conditions and
particle diameters on their behavior and magnetic capture efficiency were numerically
investigated.

6.2

Design and Evaluation of Magnetic Filter System
Fig. 6.1 shows the schematic diagram of the studied magnetic filter system, in

which a set of parallel screens were used as the filtration element, similar to that used in a
screen-type diffusion battery (Cheng and Yeh, 1980). The dimensions of the magnetic
filter system are also included in the same figure. The metal mesh screens were made of
SS 430 magnetic wires. The carrier gas loaded with magnetic particles flowed through
the filter element in the direction perpendicular to the screens. The screens were then
magnetized by an external magnetic field, also in the direction perpendicular to the
screens. The external magnetic field was generated by an electric coil wound around the
case of the filter element holder. With the system configuration, the deposition of
particles in the magnetic filter element is governed by the magnetic force experienced by
particles when moving nearby the magnetized wires of the screens. The magnetic force
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experienced by particles is, in general, a function of the particle size, particle magnetic
property, and wire magnetization.
Insulated
copper coil

Aerosol inlet
0.25

o

45

0.9

5.75

Magnetic filter
element

Aerosol outlet

Figure 6.1 Schematic diagram of the studied magnetic filter system

Fig. 6.2 shows the experimental setup for the penetration measurement of the
magnetic filter element. Magnetic γ-Fe2O3 particles (Sigma-Aldrich 544884) were
aerosolized with a home-made Collison atomizer (Liu and Lee, 1974a). The output flow
rate from the atomizer was 4.0 lpm at 30 psig for inlet air pressure. Droplets produced by
the atomizer were passed first through a Po210 radioactive neutralizer to minimize the
electrical charges on the particles, and then through a diffusion dryer with silicone gel as
the desiccant to remove the solvent in the droplets.
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Figure 6.2 Schematic diagram of the experimental setup for the evaluation of magnetic
filter system

A differential mobility analyzer (DMA, TSI Model 3081) was used in the
downstream of the above-described polydisperse aerosol generation system to classify
monodisperse particles ranging in size from 100 to 300 nm. A Kr85 radioactive particle
charger was used to place a well-defined charge distribution on polydisperse particles
prior to the introduction of the DMA. The DMA was operated at an aerosol flow rate of
1.5 lpm and a sheath flow rate of 10.0 lpm. Since the particles exiting from the DMA are
electrically charged, a Po210 neutralizer and an electrostatic precipitator were utilized at
the DMA exit to obtain electrically neutral particles for testing. The total flow rate
through the magnetic filter element was controlled by both the pump of the Ultrafine
Condensation Particle Counter (UCPC, TSI model 3025A), operated at a flow rate of 1.5
lpm, and a separate vacuum pump with a needle valve to adjust the desired flow rate. The
aerosol stream from the three way valve to the UCPC was equally separated into two
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pathways: one with the magnetic filter and one without. The tubing length of each
pathway was about 20 cm. The particle number concentrations upstream and downstream
of the magnetic filter were measured by UCPC. The upstream concentrations of
monodisperse test particles were on the order of 103~104 #/cm3. Particle coagulation can
be neglected during the transportation process. The transmission efficiency, defined as
the ratio of downstream concentration to the upstream one without the filter element, was
around 98% or even higher. So particle transport loss in the duct wall is negligible. The
particle penetration P through the magnetic filter with the element was then obtained by a
ratio of the particle downstream concentration Ndn to the upstream one Nup:

Penetration =

6.3

N dn
.
Nup

(6-1)

Modeling of Magnetic Filter Element
The measured penetration P through the studied magnetic filter element, which is

a function of particle size, particle magnetic property, and wire magnetization, could be
predicted by calculating the fate of individual particles, and hence the capture of particles
in the magnetic filter element. To determine the particle fate in the filter element, the
flow and magnetic fields must be first calculated.
6.3.1

Calculation of Flow and Magnetic Fields

The finite element package COMSOL Multiphysics 3.5 was used to numerically
solve the flow and magnetic fields in the magnetic filter element. To reduce the
geometrical complexity of the filter element, we assume that a single metal screen can be
represented by the replica of unit cells, as shown in Fig. 6.3. According to the SEM
micrograph, the wire diameter and spacing for the single 200 mesh SS 430 screen are
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about 40.5 and 86.5 µm, respectively. A wire cross with the diameter Df of 41 µm was
used in a standard cell. Since the spacing between the two adjacent mesh screens in the
filter element was set at 0.5 mm, the volume of the unit cell was set at 130*130*550 µm3.

Unit cells

l = 550 µm
Df = 41 µm

φi

φe

ϖ
u∞
b = 130 µm
H0

Figure 6.3 Computational domain for a unit cell as the basic elements for a single mesh
screen
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The flow field in the unit cell was calculated by solving the continuity and 3D
Navier-Stokes equations with the assumption of incompressible fluid having density ρ
and viscosity η:

ϖ
∇ ⋅u = 0

(6-2)

ϖ
∂u
ϖ ϖ
ϖ
ρ [ + (∇u ) ⋅ u ] = −∇P + η∇ 2u .
∂t

(6-3)

The inlet flow velocity was probably constant, uniform and equal to the face

ϖ
velocity u∞ of the filter element, entering the cell in the x-direction. No slip boundary
conditions were applied at the wire surface. Symmetric conditions were applied to the
surrounding boundaries due to the replica of unit cells. The detail settings of boundary
conditions in COMSOL are shown in Table 6.1. A typical example of the calculated flow
field in a unit cell is given in Fig. 6.4.
Table 6.1 Settings of boundary conditions in COMSOL
Boundary

Flow field condition

Magnetic field condition

Inlet

ϖ ϖ
Velocity u = u ∞

Magnetic insulation

Outlet

Pressure, No Viscous Stress

Magnetic insulation

Wire surface

ϖ
Wall No Slip u = 0

Continuous

Surrounding

Symmetry boundary

Magnetic insulation
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Figure 6.4 Flow field in the unit cell at the aerosol flow rate of 0.06 m/s

The magnetic force upon magnetic particles was determined by evaluating the
ϖ
magnetic field H in the unit cell. To calculate the magnetic field in a unit cell, the
computational domain was divided into two regions with very distinct magnetic
behaviors. One is the non-magnetizable region, which is unoccupied by the wires, and the
other is the magnetized region occupied by the wires. The Maxwell equations for
conservative magnetic fields were used within these two regions:
∇ 2ϕi = 0

(6-4)

∇ 2ϕe = 0 ,

(6-5)
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where φi and φe are the scalar magnetic potentials for wire-occupied and nonϖ
magnetizable regions, respectively, and are related to the magnetic field strengths H i and
ϖ
H e according to
ϖ
H i = −∇ϕ i

(6-6)

ϖ
H e = −∇ϕ e .

(6-7)

ϖ
Considering the demagnetization factor, when the applied magnetic field H 0

measured by AlphaLab DC magnetometer is perpendicular to the wire principle axis, the
ϖ
internal magnetic field H i could be expressed as (Watson, 1978b):

ϖ ϖ ϖ
H i = H 0 − M f / 2µ0 ,

(6-8)

ϖ
where µ0 is the magnetic permeability of free space. The magnetic induction B is then
expressed as

ϖ
ϖ ϖ
Bi = µ0 ( H i + M f ) ,

(6-9)

ϖ
where M f is the wire magnetization, measured by VSM, as a function of the external
magnetic field, e.g., the wire magnetization are 83.6 and 160.8 kA/m at the magnetic field
of 20 and 40 kA/m, respectively.
At the wire surface, the continuities of magnetic potentials (i.e., φi and φe) and
ϖ
ϖ
normal magnetic fluxes (i.e., Bi and Be ) in wire-occupied and un-magnetizable regions

were applied. The symmetric conditions were applied to the surrounding boundaries due
to cell replication. The detail settings of boundary conditions in COMSOL are shown in
Table 6.1. Fig. 6.5 shows a typical example of the normal magnetic field in a unit cell.
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Figure 6.5 Magnetic field in the unit at the external magnetic field strength of 20 kA/m

6.3.2

Calculation of Individual Particle Trajectories

Particle penetration through a unit cell can be calculated by indentifying the
limiting trajectory of approaching particles, which can be divided into those that end by
colliding on the wire cross surface and those that simply pass the wire cross surface. The
above modeling idea is illustrated in Fig. 6.6.
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Figure 6.6 Illustration of limiting particle trajectory idea for particle penetration
calculation

The following assumptions were used to calculate of individual particle trajectory:
a) According to the previous study of Zarutskaya and Shapiro (2000), particles
are spherical in shape, and their rotational effects are negligible. Particles’
magnetic susceptibility is assumed to be constant, and their magnetic
moments are assumed to be oriented in the direction of the magnetic field.
b) Under a low Reynolds number flow system, the particle trajectory can be

ϖ
calculated by the force balance equation, including gravitational ( Fg ),
ϖ
ϖ
ϖ
magnetic ( Fm ), drag ( Fd ), and random ( Fbr ) forces.
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c) No particle re-entrainment occurs, and deposited particles do not significantly
alter the flow and magnetic fields in the unit cell.
The trajectory of a submicron particle moving in a gas with velocity vϖ under the
action of gravitational, magnetic, drag, and random forces is determined by the force
balance equations based on the Newton’s second law.
ϖ
dv ρ ϖ ϖ ϖ
= Fd + Fg + Fm + Fbr
mp
dt

(6-10)

ϖ
Particle drag force Fd is expressed as
ϖ
ϖ ϖ
Fd = f (u − ν ) .

(6-11)

Here, mp is the particle mass; t the time variable; uϖ the flow velocity vector; and f
the particle friction coefficient given by the Stokes law as f = 3πµdp/C (Friedlander,
2000), where C is the Cunningham slip correction factor, expressed as
C =1+

0.999d p
2λ
)) ,
(1.142 + 0.558 × exp(−
2λ
dp

(6-12)

where λ is the mean free path.
Because of the small size of particles, the magnetic field in the particle is assumed
to be approximately uniform. Further, the magnetic interaction between particles is
neglected due to the low concentration of testing particles. The following expression was
ϖ
then used to evaluate the magnetic force Fm on a magnetic particle:
ϖ
ϖ ϖ
Fm = µ 0∇( M ⋅ H ) ,

(6-13)

ϖ
where µ0 is the magnetic permeability of free space, H the magnetic field strength, and
ϖ
M the particle magnetic moment, whose scale is related to the magnetization of particle
by
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M=

χ
HVp ,
1+ χ / 3

(6-14)

where χ is the particle magnetic susceptibility, and Vp the particle volume (O'Handley,
2000).
In Brownian motion, a particle at time t and position p will make a random
displacement r from its previous point with regard to time and position. The resulting
distribution of r is expected to be (1) Gaussian (normal with a mean of zero and a
standard deviation of one), (2) to be independent, and (3) have a root mean square
displacement of

2 Dt in its x, y, and z coordinates. The random displacement r in one

coordinate can be calculated as
ξ2

r=

2 Dt − 2
e ,
2π

(6-15)

where ξ is a random number.
The trajectory for a given particle was determined by solving Eq. (6-10) using the
Runge-Kutta method of the 4th order. As shown in Fig 6.7, the uniform particle
concentration profile was assumed at the cell entrance, which was divided into 130*130
squares. A single particle was released from the center of each square up to 100 times.
The cell collection efficiency Ec is the ratio of the number of particles N captured by the
wire cross to the number of particles N0 entering the cell:
Ec =

N
N0

(6-16)
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Figure 6.7 Particle release profile at the cell entrance

Since cell efficiency represents the presence of a single mesh screen, the overall
penetration P through n screens can then be calculated by (Brown, 1993):
P = exp(-nEc).

(6-17)

As a summary of all the modeled cases, the values and dimensions of the
parameters used in our numerical study are given in Table 6.2.
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Table 6.2 Values and dimensions of the parameters used in the modeling
Parameters

Units

Values

Fluid density

Kg m-3

1.2

Fluid viscosity

Kg(ms)-1

1.81E-5

Fluid temperature

T

298

Mean fluid velocity

m/s

0.06~0.22

Reynolds number of system

91~332

Reynolds number of wire

0.16~0.6

Fiber diameter

µm

41

Magnetic field strength

kA/m

20, 40

Particle density

-3

5242 (γ-Fe2O3)

Kg m

1.98 (KCl)
100~300 (γ-Fe2O3)
Particle size

nm
50~300 (KCl)

6.4

Model Validation and Analysis
To verify the numerical model, we first compared the calculated penetration with

the experimental one for the case of potassium chloride, KCl, particles, in which the
particle magnetic force is negligible. Fig. 6.8 compares of the calculated and the
experimental penetrations through the magnetic filter element at different carry gas flow
rates for KCl particles ranging in size from 50 to 300. The standard deviation for each
data point includes the UCPC fluctuation. Good agreement between numerical and
experimental penetration data was obtained in the studied size range. For the case of 50
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nm particles, the calculated penetration is slightly higher than the experimental. It may be
attributed to the pre-set time step for the particle trajectory calculation. The pre-set time
step for marching a particle in the unit cell may be large enough that particle collection
on the wire cross may be underestimated due to the particle diffusion process.

100

Penetration (%)

80

60
Model 0.06 m/s
Model 0.10 m/s
Model 0.14 m/s
Model 0.18 m/s
Model 0.22 m/s
Experiment 0.06 m/s
Experiment 0.10 m/s
Experiment 0.14 m/s
Experiment 0.18 m/s
Experiment 0.22 m/s

40

20

0
50

100

150

200

250

300

350

Dp (nm)

Figure 6.8 Comparison of calculated and experimental penetration through the magnetic
filter element at different flow rates for KCl particles in the size range from 50
nm to 300 nm

Before the validation of numerical model with magnetic force, we measured the
magnetic susceptibility of 100, 150, and 250 nm γ-Fe2O3 particles by VSM.
Monodisperse γ-Fe2O3 particles downstream of the DMA were collected using a
precipitator and filled into a small sealed glass tube for the characterization. Fig. 6.9
shows the magnetization curve of 150 nm γ-Fe2O3 particles as an example. The magnetic
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susceptibility is defined as the slope of the initial magnetization curve as a function of
magnetic field, e.g., 2.6 for 150 nm γ-Fe2O3 particles at the magnetic field of 20 and 40
kA/m.

Figure 6.9 Characterization of 150 nm γ-Fe2O3 particles by VSM

To further verify the numerical model with magnetic force, we compared
numerical penetration with experimental penetration through the magnetic filter element
at different flow rates for 100, 150, and 250 nm γ-Fe2O3 particles in the estimated
external magnetic fields of both 20 and 40 kA/m as shown in Fig. 6.10. The numerical
penetration was calculated using the proposed model base on the measured magnetic
susceptibility data by VSM. We found that particle penetration increases with an increase
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in aerosol flow velocity and decreases with an increase in external magnetic field strength
as well as particle size. The good agreement between the calculated and the experimental
penetrations validates our numerical model. In general, the discrepancy between the
experimental and the calculated penetration is less than 10%.
20 kA/m

(a)
100

Penetration (%)

80

Model 100 nm
Model 150 nm
Model 250 nm
Experiment 100 nm
Experiment 150 nm
Experiment 250 nm

60

40

20

0
0.02

0.06

0.10

0.14

Flow velocity (m/s)
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0.18

0.22

0.26

40 kA/m

(b)
100

Penetration (%)

80

Model 100 nm
Model 150 nm
Model 250 nm
Experiment 100 nm
Experiment 150 nm
Experiment 250 nm

60

40

20

0
0.02

0.06

0.10

0.14

0.18

0.22

0.26

Flow velocity (m/s)

Figure 6.10 Comparison of calculated and experimental penetration through the magnetic
filter element for 100, 150, and 250 nm γ-Fe2O3 particles at estimated 20 and
40 kA/m external magnetic field and different flow rates

With this model, the particle penetration curves through the magnetic filter
element as a function of magnetic susceptibility were first calculated for γ-Fe2O3 particles
in size ranging from 100 to 300 nm at different flow rates and in the external magnetic
fields of 20 and 40 kA/m. From the above-calculated curves, the correlated particle
magnetic susceptibility was then retrieved from the measured particle penetration data.
The derived magnetic susceptibility of studied γ-Fe2O3 particles as a function of particle
size is shown in Fig. 6.11. According to the calculated curve, the standard deviation of
the magnetic susceptibility was determined from that of the penetration data, which
includes the flow fluctuation of the UCPC. Generally, the derived magnetic susceptibility
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of γ-Fe2O3 particles is in the same order of magnitude. However, a slight difference
between the external magnetic field of 20 kA/m and the external magnetic field of 40
kA/m are observed, especially in the smaller particle sizes. Note that the particle
magnetic susceptibility χ was assumed constant in our model even though particles may
experience different magnetic field strengths in the particle trajectory calculation. For
ferrimagnetic materials, the theoretical relationship between magnetization and magnetic
field strength is not linear, indicating that magnetic susceptibility is a function of
magnetic field strength. It may be why a small deviation is observed between the two
different magnetic field strengths.

10
20000 A/m
40000 A/m

Magnetic susceptibility χ

8

6

4

2

0
50

100

150

200

250

300

350
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Figure 6.11 Derived magnetic susceptibility of γ-Fe2O3 particles in the size range from
100 to 300 nm at the estimated external magnetic fields of both 20 and 40
kA/m
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A gradual decrease of the magnetic susceptibility of studied γ-Fe2O3 particles
with increasing particle size is also observed in Fig. 6.11, which shows that particle
magnetic susceptibility has a minor dependence on size. But the variation of magnetic
susceptibility for γ-Fe2O3 particles in general remains small in the studied size range.

6.5

Summary
A magnetic filter system has been constructed and its performance has been

evaluated to measure particles’ magnetic property by using monodisperse γ-Fe2O3
particles ranging in size from 100 to 300 nm. In the system, SS 430 screens were placed
in the magnetic filter element and exposed to an external magnetic field generated by an
electric coil. Under the exposure of an external magnetic field, mesh screens were then
magnetized and the high magnetic field gradient created by magnetized wires facilitated
the collection of magnetic particles when they were passed through the filter element.
The particle concentrations at the upstream and the downstream of the magnetic filter
element were measured by an UCPC. Particle penetration obtained in the experiment was
found to be a function of particle size, particle magnetic property and wire magnetization
in general. In this study, a numerical model was also developed via the finite element
package COMSOL Multiphysics 3.5. In the modeling, a single mesh screen is
represented by an assembly of unit cells. The model then solved the flow, the magnetic
fields, and the particle trajectory in a representative unit cell. The relationship between
the particle penetration and the magnetic property for a given particle size, aerosol flow
rate, and external magnetic field was obtained by the model. The numerical model was
validated by comparing the calculated penetration with the experimental data, the former
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being calculated with the measured magnetic susceptibility of 100, 150 and 250 nm γFe2O3 particles via VSM. The magnetic susceptibilities of other sizes from 100 to 300 nm
were also obtained by this model, according to the measured penetration data. In general,
the magnetic susceptibility of γ-Fe2O3 particles is in the same order of magnitude. We
observed that particle magnetic susceptibility has a minor dependence on the particle size
and applied external magnetic field strength.
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Chapter 7
Magnetic Susceptibility Characterization of Lunar Dust
Simulants
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7.1

Introduction
NASA's present plans for space exploration include returning human beings to the

Moon, then to Mars and beyond. Many problems faced by the original Apollo astronauts
must be addressed to enable missions of extended complexity and duration. One of the
most significant ones encountered is the control of the lunar dust (< 20 µm) that makes up
a large portion of the lunar surface (~ 20 weight %). During the Apollo missions, the
ubiquitous, clinging, sharp, abrasive, glassy dust caused serious problems for exploration
activities. The complications arising from the presence of lunar dust can be sorted into
nine categories: vision obscuration, false instrument readings, dust coating and
contamination, loss of traction, clogging of mechanisms, abrasion, thermal control
problems, seal failures, and inhalation and irritation. Although simple dust mitigation
measures were adequate for some problems (e.g., loss of traction), these measures were
ineffective against many more serious problems (e.g., clogging, abrasion, and diminished
heat rejection by radiators) (Gaier, 2005).
Lunar dust adhered to spacesuits both mechanically and electrostatically.
Mechanical adhesion was affected by the barbed shapes of the dust grains, making
removal difficult once the dust had worked into the fabric. Electrostatic adhesion was
promoted by charging due to solar wind plasma, photoionization and triboelectric effects.
During the Apollo missions, it was observed that the abrasivity of adhered dust caused
significant wear on spacesuit fabrics, drastically reducing their useful lifetime (Subbs et
al., 2007). Problems were also experienced during excursions of the Lunar Rover, with
considerable quantities of dust being kicked up, covering exposed areas, and leading to
increased friction at mechanical surfaces.
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The majority of lunar dust (60-80%) is composed of broken pieces of agglutinitic
glass, which contains abundant nanometer-sized metallic Fe grains (np-Fe0) that impart a
distinct magnetic susceptibility to the lunar soil. Recent experimentation with the 10~20
µm fraction of mature hi-Ti mare soil, 79221, has shown that a hand magnet will easily

attract practically all the grains, even for those that are plagioclase with a thin patina of
np-Fe0 (Taylor et al., 2005). Motivated by such results, Kawamoto (2005) developed a
cleaning device using magnetic force to remove lunar dust adhered to astronaut
spacesuits. The total cleaning rate reported by the author was 40%. The possibility of
improving the performance of magnetic mitigation methods requires a more complete
understanding of the magnetic properties of the dust particles themselves.
Before proceeding to the measurement of relatively scarce Apollo lunar dust
samples, the magnetic property of lunar dust simulants were characterized using the
magnetic filter system described above. Simulants are often named after the places where
they were developed (e.g., JSC from Johnson Space Center), and/or by the type of
geologic feature that they are designed to reproduce (e.g., NU-LHT simulant was created
by NASA and the USGS, and is a Lunar Highlands Type regolith simulant). Further
designation by the maximum particle size may also be used (e.g., D = dust, F = fine, M =
medium, and C = coarse). These designations are often accompanied by a number
indicating the version of the simulant. The JSC-1A simulant manufactured by ORBITEC
was intended to replicate many properties of low-titanium lunar mare regolith, matching
the composition of the Apollo 14 regolith sample 14163 (which is a mixture between
highlands and mare compositions). The NU-LHT series of highland regolith simulants
models the normative mineralogy of Apollo 16 regolith (Edmunson et al., 2010).
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In this study eight samples (three JSA-1A series, two NU-LHT series, and three
minerals which are the building-block materials for the NU-LHT series) in the size range
from 150 to 450 nm were characterized by the magnetic filter system in Chapter 6. The
magnetic susceptibilities were obtained from the penetration difference with and without
the external magnetic field, using the correlation calculated by the verified model. In this
article, we report the measured magnetic susceptibility of lunar dust simulants in this test
size range.

7.2

Experimental Setup and Procedure
The experimental setup was the same as Fig. 6.2. Lunar dust simulants were

aerosolized using a custom Collision atomizer (Liu and Pui, 1974). A differential
mobility analyzer (DMA, TSI Model 3081) downstream from the aerosol generation
system classified singly charged, monodisperse particles in the size range from 150 to
450 nm. In principle, a DMA classifies particles of the desired size based on their
electrical mobilities (Knutson and Whitby, 1975). For particles with diameters below 300
nm, the DMA was operated at an aerosol flow rate of 1.5 lpm and a sheath flow rate of
10.0 lpm. For particles larger than 300 nm, the DMA was operated at a sheath flow rate
of 6.0 lpm while maintaining the same aerosol flow rate of 1.5 lpm. Since the classified
particles exiting the DMA were electrically charged, a Po210 neutralizer and an
electrostatic condenser were used downstream to obtain electrically neutral test particles
of the desired size. The total flow rate through the magnetic filter was controlled by an
UCPC operated at a flow rate of 0.3 lpm. The particle number concentrations both
upstream and downstream of the magnetic filter system, i.e., Nup and Ndn, were measured
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by the UCPC, respectively. The particle penetration P was then derived by the ratio of
Ndn and Nup:

Penetration =

7.3

N dn
.
Nup

(7-1)

Results and Discussion
Fig. 7.1 shows the SEM pictures of two lunar dust stimulants (JSC-1Af and NU-

LHT-1D) and three minerals with the diameters of 200 and 400 nm. Generally, the shapes
of two lunar dust stimulants and three minerals are nearly spherical, especially at the
smaller size.
200 nm

400 nm

JSC-1Af

NU-LHT1D
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Norite

Anorthosit
e

Harzburgit
e

Figure 7.1 SEM pictures of two lunar dust stimulants and three minerals

As found in the results and discussion section of chapter 6, the magnetic
susceptibility of particles can be directly obtained from the measured penetration data
when a specific external magnetic field is applied. However, the magnetic susceptibilities
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of the samples tested here are observed to be generally very low, resulting in a small
absolute number of trapped particles under the presence of the applied magnetic field. For
this reason we did not use the same direct approach, but instead used the penetration
difference with and without the applied field to derive the magnetic susceptibility values
of DMA-classified lunar dust particles.
Table 7.1 shows the magnetic susceptibility values of DMA-classified lunar dust
simulants at the estimated 56 kA/m external magnetic field. In general terms, the
measured magnetic susceptibilities are on the order of 10-3~10-4. Further, in the studied
size range the bigger the particle, the smaller the magnetic susceptibility. The magnetic
susceptibilities of the JSC-1A series are higher than those of the NU-LHT series and of
the minerals, likely due to the composition differences. The JSC-1A #1 and #6 simulants
were produced using a two-step process. The first step was to create a mature lunar
regolith simulant that contains a high proportion of agglutinate-like particles and glass
spherules, both of which contain metallic iron globules (including nanophase Fe0). The
second step was an industrial milling process to grind the feedstock material to the
appropriate PSD (Gustafson et al., 2009). The LHT-1M series are completely composed
of rock materials from the Stillwater Complex, which is a mafic layered intrusion
consisting of hartzburgite, orthopyroxenite, norite, gabbro-norite, gabbro, and
anorthosite. Ilmenite, obtained courtesy of Iluka Resources, is added. A high temperature,
remotely coupled plasma melter was used to generate both high quality and agglutinitic
glasses that simulate the glassy components of the regolith (Stoeser et al., 2007; 2008).
According to the characterization and simulation profiles (JSC-1AF Characterization,
LHT-1M Certificate of Information, available from the In Situ Resource Utilization
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(ISRU) at NASA http://isru.msfc.nasa.gov; Schrader et. al., 2008), the JSC-1Af simulants
have more Fe (FeO) component than the NU-LHT series, which do not include
nanophase-Fe0. This may represent the principal factor causing the magnetic
susceptibilities of the JSC-1A series to be generally larger than those of the NU-LHT
series.
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Table 7.1 Magnetic susceptibility of lunar dust simulants
Dp (nm)

Dp
(nm)

JSC-1A #6 Standard deviation

JSC-1A #1 Standard deviation

JSC-1Af

Standard deviation

150

1.57*10-3

1.0*10-4

1.13*10-3

7.0*10-5

1.63*10-3

7.0*10-5

200

1.77*10-3

1.0*10-4

1.35*10-3

9.0*10-5

1.88*10-3

1.2*10-4

250

1.67*10-3

1.0*10-4

1.69*10-3

1.4*10-4

1.38*10-3

7.0*10-5

300

1.08*10-3

8.0*10-5

1.62*10-3

1.7*10-4

1.15*10-3

8.0*10-5

350

7.50*10-4

5.0*10-5

7.80*10-4

5.0*10-5

8.50*10-4

5.0*10-5

400

5.40*10-4

7.0*10-5

9.60*10-4

9.0*10-5

1.11*10-3

1.0*10-4

450

8.00*10-4

9.0*10-5

8.30*10-4

9.0*10-5

8.70*10-4

5.0*10-5

NU-LHT
700-1x
#8

Standard

NU-

Standard

Anorthos

Standard

deviation

LHT-1D

deviation

ite

deviation

Norite

Standard

Harzburgi

Standard

deviation

te

deviation

150

8.80*10-4

1.0*10-4

6.30*10-4

5.0*10-5

<5*10-4

5.60*10-4

3.0*10-5

<5*10-4

200

1.36*10-3

1.3*10-4

9.90*10-4

7.0*10-5

<2*10-4

2.00*10-4

2.0*10-5

4.90*10-4

6.0*10-5

250

1.08*10-3

9.0*10-5

7.50*10-4

6.0*10-5

3.70*10-4

1.0*10-5

4.20*10-4

3.0*10-5

6.60*10-4

5.0*10-5

300

6.60*10-4

6.0*10-5

7.70*10-4

8.0*10-5

2.90*10-4

1.0*10-5

3.70*10-4

3.0*10-5

2.60*10-4

1.1*10-4

350

5.50*10-4

3.0*10-5

4.80*10-4

3.0*10-5

<1*10-4

2.00*10-4

3.0*10-5

1.50*10-4

3.0*10-5

400

4.10*10-4

3.0*10-5

4.40*10-4

4.0*10-5

1.60*10-4

1.0*10-5

<1*10-4

1.60*10-4

1.0*10-5

450

3.90*10-4

3.0*10-5

7.50*10-4

6.0*10-5

2.70*10-4

2.0*10-5

<1*10-4

<1*10-4
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7.4

Summary
In this investigation we characterized eight lunar simulant samples (three JSA-1A

series, two NU-LHT series, and three minerals) in the size range from 150 to 450 nm via
a magnetic filter system. The magnetic susceptibilities of DMA-classified lunar dust
simulant particles were obtained from the difference in particle penetration through a
screen filter with and without an external magnetic field using the correlation calculated
in the previously developed model. In general, the values of magnetic susceptibilities of
tested samples were all on the order of 10-3~10-4. The magnetic susceptibility values
decreased with increasing particle diameter in the studied size range. Further, the
magnetic susceptibilities of the JSC-1A series are higher than those of the NU-LHT
series and the minerals, a result which is attributed to the composition difference between
two simulant series.
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Chapter 8
Dissertation Accomplishments and Recommendations for
Future Work
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8.1

Summary of Accomplishments
In this dissertation, two physical properties of particles were studied, electrical

and magnetic. . For particle electrical property, a unipolar corona charger was designed
and evaluated for particle charge conditioning; a UV charger was also constructed for
fundamental investigation of the particle photocharging process. For particle magnetic
property, a magnetic filter system has been constructed, and its performance has been
investigated. The studies accomplished within this dissertation -- particle charge
conditioning by a unipolar corona charger, fundamental investigation of particle
photocharging, calibration and modeling of a magnetic filter, and magnetic susceptibility
characterization of lunar dust simulants -- are summarized as follows.
8.1.1

Particle Charge Conditioning by a Unipolar Corona Charger

The performance of a prototype corona-based, unipolar aerosol charge conditioner
has been experimentally investigated. The construction of the prototype consists of an
outer metal case and a corona discharge tube module with one end capped with a metal
screen. Ions produced by the corona discharge module are driven through the metal
screen by a weak, biased electric field between the screen and conditioner case (i.e., iondriving voltage). The ion concentration in the charging zone can thus be controlled by
varying ion-driving electrical field strength. The particle charging zone in the prototype is
defined as the space between the metal screen and the aerosol exit channel of the
prototype case. The nearly longitudinal electrical field in the charging zone is established
by the geometric arrangement of the outer case and aerosol exit tube (both of which are
grounded, and the tube module with the ion-driving voltage). The design of the charging
zone in the charger also enables the quick exit of particles once they are electrically
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charged, thus reducing the loss of charged particles. No sheath air was used in this
prototype. The aerosol is directed into the prototype by two inlets located at opposite
positions, and then flows into the charging zone at a 45o angle to the center axis. The
flow design minimizes the potential contamination of the corona needle tip by particles,
thus prolonging the needle’s lifetime.
The performance of the prototype was optimized by varying operational
parameters (i.e., aerosol flow rate, corona current, and ion-driving voltage) to achieve its
maximum extrinsic charging efficiency. The optimization experiment was done with
monodisperse Ag particles 10 nm in diameter. Based on our finding, the corona current
had negligible effect on the charging performance of the prototype. The corona current of
2 µA was thus used in the rest of our study. Our study also found that operating the
prototype at a 3 lpm aerosol flow and an ion-driving voltage of 600 V offers the
maximum extrinsic charging efficiency.
Both intrinsic and extrinsic charging efficiencies of particles in diameters ranging
from 5 to 50 nm were measured at the optimal operating conditions. This prototype
provides higher extrinsic efficiency than other corona-based unipolar chargers for both
positive and negative charging. Charge distributions of monodisperse particles
downstream of the prototype, operating at a 3 lpm aerosol flow rate, a 2 µA corona
current and various ion-driving voltages, were measured by the tandem-DMA technique.
The experimental data of particle charging efficiencies and charge distributions agree
reasonably with the calculated results. The charge distribution measurement confirmed
that after passing through the prototype the charge distribution of particles is variable
through the control of the charging ion concentration by changing the ion-driving
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voltage. The birth-and-death charging model with the Fuchs limiting sphere theory was
used to obtain the Nit values at different operation conditions via best fitting to the
measured intrinsic charging efficiency. The same Nit values obtained were also used in
the birth-and-death charging model to calculate the charge distribution of particles.
Reasonable agreement was achieved when the calculated charge distributions of particles
were compared with the extrinsic charge distributions measured. The result implies a
reduced loss of charged particles in the prototype than existing unipolar chargers in
which the aerosol flow direction is perpendicular to the electric field direction.
8.1.2

Investigation of Aerosol Charging Using Pen-type UV Lamps

Particle photocharging for particles of various materials (i.e., Ag, Fe2O3, Co3O4,
ZnO and TiO2) has been investigated through a simple UV charger with pen-type UV
lamps. The studied UV charger consists of a quartz tube about 7 in. long as the aerosol
irradiation zone, four low-pressure Hg lamps located around the quartz tube, and an outer
cylindrical aluminum case with aerosol inlet at one end and outlet at the other end. The
charger also has an ion trap section at the exit of the quartz tube to remove free ions.
We experimentally evaluated the performance of the UV charger operated at 5
lpm flow rate and with four UV lamps using monodisperse Ag with diameters from 7 to
30 nm and metal oxide particles with sizes ranging from 50 to 200 nm. We characterized
both extrinsic and extrinsic charging efficiencies of the UV charger, and measured the
charge distributions of particles passing through the UV charger using the electrostatic
precipitation technique for particles of sizes larger than those studied in previous work.
We also compared the performance of the UV charger to existing corona-based chargers.
The studied UV charger provides higher extrinsic charging efficiencies than corona-based
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unipolar chargers for Ag particles. The extrinsic charging efficiency of the prototype is
higher than 80% for particles of diameters larger than 15 nm. Depending on the material
of test particles, the charging efficiency of the UV charger varies much, showing
significant material dependence for the photocharging. Charge distributions of
monodisperse Ag and Fe2O3 particles at the exit of the UV charger, operating at a 5 lpm
aerosol flow rate and with four UV lamps turned on, were measured by the electrostatic
precipitation technique. The charge distribution of 25 nm Ag particles is similar to that of
100 nm Fe2O3 particles, which further concludes the material dependence of the
photocharging process.
To evaluate the effect of irradiation intensity on particle photocharging, we
measured the charging efficiencies and charge distributions for Ag particles with sizes
from 7 to 30 nm at an aerosol flow rate of 5 lpm, with one, two, or four lamps turned on.
This study used the UV charging model with the photoemission following the FowlerNordheim law to obtain the KcI values at various operational conditions by best fitting to
the measured intrinsic charging efficiency. The same KcI values obtained above were
then used in the charging model to calculate the charge distribution of particles. The
study achieved reasonable agreement between calculated and measured charge
distributions of particles.
8.1.3

Calibration and Modeling of a Magnetic Filter

A magnetic filter system has been constructed and its performance has been
evaluated to measure particles’ magnetic properties by using monodisperse γ-Fe2O3
particles ranging in size from 100 to 300 nm. In the system, SS 430 screens were placed
in the magnetic filter element and exposed to an external magnetic field generated by an
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electric coil. Under the exposure of an external magnetic field, mesh screens were then
magnetized and the high magnetic field gradient created by magnetized wires facilitated
the collection of magnetic particles when they were passed through the filter element.
The particle concentrations upstream and downstream of the magnetic filter element were
measured by an UCPC. Particle penetration obtained in the experiment was found to be a
function of particle size, particle magnetic property and wire magnetization in general. In
this study, a numerical model was also developed via the finite element package
COMSOL Multiphysics 3.5. In the modeling, a single mesh screen is represented by an
assembly of unit cells. The model then solved the flow and magnetic fields, and the
particle trajectory in a representative unit cell. The relationship between the particle
penetration and the magnetic property for a given particle size, aerosol flow rate, and
external magnetic field were obtained by the model. The numerical model was validated
by comparing the calculated penetration with the experimental data, the former being
calculated with the measured magnetic susceptibility of 100, 150, and 250 nm γ-Fe2O3
particles via VSM. The magnetic susceptibilities of other sizes from 100 to 300 nm were
also obtained by this model, according to the measured penetration data. In general, the
magnetic susceptibility of γ-Fe2O3 particles is in the same order of magnitude. We
observed that particle magnetic susceptibility has a minor dependence on the particle size
and applied external magnetic field strength.
8.1.4

Magnetic Susceptibility Characterization of Lunar Dust Simulants

In this investigation we characterized eight lunar simulant samples (three JSA-1A
series, two NU-LHT series, and three minerals) in the size range from 150 to 450 nm via
a magnetic filter system. The magnetic susceptibilities of DMA-classified lunar dust
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simulant particles were obtained from the difference in particle penetration through a
screen filter with and without an external magnetic field using the correlation calculated
in the previously developed model. In general, the values of magnetic susceptibilities of
tested samples were all on the order of 10-3~10-4. The magnetic susceptibility values
decreased with increasing particle diameter in the studied size range. Further, the
magnetic susceptibilities of the JSC-1A series are higher than those of the NU-LHT
series and the minerals, a result which is attributed to the composition difference between
two simulant series.

8.2

Recommendations for Future Research
The unipolar charge conditioner developed in this study has the design of parallel

directions of electrical and aerosol flow fields, variable control of ion concentration in the
charging zone, and direct particle exit once the particles are electrically charged, thus
reducing the loss of charged particles. However, it still has space to improve by
optimizing the charger structure, such as the dimension of the charging zone and the
angle of the aerosol stream into the charging zone. Since multiple charges of particles is
always an issue in the data analysis when using a corona charger as a component of a
particle sizer, the charge conditioner may be a good option in this area. It can provide
high charging efficiency when measuring small particles, and reduce multiple charges for
large particles by altering the ion-driving voltage. We use the birth-and-death charging
model with the Fuchs limiting sphere theory to obtain the Nit values and calculate the
charging efficiency and charge distribution. The discrepancy between the experimental
data and modeling results can be attributed to the loss of charged particles and the non-
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uniform ion concentration in the charging zone. Hence, detailed simulation on the
charging process is needed to consider these two factors.
Although metal and metal oxide particles have been investigated, for the
fundamental study of aerosol photocharging, other particles, e.g., salt and organics, also
should be tested to further explore material dependence. The effect of light intensity has
been experimentally evaluated by varying the number of lamps and theoretically
represented by the parameter I in the model. A light intensity meter is needed to measure
the intensity value so that the Kc value can be further retrieved from the model and
compared among different particles. In fact, researchers have proposed the theoretical
models to calculate the Kc values among different elements. The differences between the
modeling results and experiment data require further investigations on particle
photocharging process in both theoretical and experimental ways. Moreover, other factors
of aerosol photocharging, e.g., particle concentration and ion recombination, can be
studied in the future.
For the magnetic filter, the lower detection limit of particle magnetic
susceptibility was on the order of 10-4, limited by the field strength that is presently
available with this apparatus. For particles with magnetic susceptibility lower than 10-4,
the resultant magnetic force acting on particles while they pass through the screen filter is
so small that it could not enhance the particle trapping in the filter element in addition to
diffusion. The induced magnetic force is a function of the external magnetic field strength
and magnetic field gradient. Thus the detection limit of the system can be further
improved by optimizing the system operating parameters, such as applying a stronger
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external magnetic field strength or using screens with stronger magnetic properties and/or
with finer mesh.
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Abstract

We have developed a miniature disk electrostatic aerosol classifier (mini-disk
EAC) for use in electrical mobility-based personal nanoparticle instrumentation for
measurement of personal exposures to nanoaerosols. The prototype consists of two
parallel disk electrodes separated by an electrically insulating spacer, to create the
particle classification zone. The aerosol enters and exits the classification zone along the
bottom disk electrode. An additional, particle-free sheath flow is used to improve the
measurement resolution. The transmission measurement of the mini-disk EAC for DMAclassified particles shows that particle losses due to diffusion and electrical image forces
were low. The particle penetration at 10 nm diameter (the designed lower size limit for
the classifier) was 67% when the prototype was operated at the aerosol and sheath flow
rates of 0.5 and 1.0 l min-1, respectively. The performance of the mini-disk EAC was
experimentally characterized using the particle cutoff curves that describe their
penetration through the classifier as a function of applied voltage across the two disk
electrodes. Based on the measurement of particle penetration at different aerosol and
sheath flows, it was found that the aerosol and sheath flow rates of 0.5 and 1.5 l min-1
were optimal for classifier operation. Finally, a semi-empirical model was also developed
to describe the transfer function of the mini-disk EAC for non-diffusive particles.

Keywords: miniature mobility classifier, nanoparticle sizer, personal aerosol exposure
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1. Introduction

Particles in the submicron and nanometer range are often encountered in the
exhaust of combustion sources, chemical processes and aerosol reactors (Hildemann et
al., 1991). Examples of combustion sources and processes include waste incinerators,
welding processes, cooking ovens, smelters, nuclear reactor accidents, utility boilers, and
the exhaust from automobile, trucks, and jet aircraft (Biswas and Wu, 1998). Meanwhile,
nanoparticles of different physical and chemical properties - the building bocks for
Nanotechnology - have been synthesized in chemical reactors for modern industrial
applications. Examples of such nano-materials are carbon black, pigments, and other
nano-materials for technological applications such as optical waveguides and advanced
ceramic powders (Biswas and Wu, 2005). While unique functionalities of nanoparticles
make them attractive for technological applications, the very same properties may
possibly create adverse health effects. As a result, there is a growing concern over the
potential health risks from exposure to these materials in industrial environments. Recent
toxicological studies of fibrous and tubular nanoparticles (Lam et al. 2004; Poland et al.
2008; Shvedova et al. 2003; Shvedova et al. 2004; Warheit et al. 2004; Warheit 2006)
have shown that at extremely high doses these materials are associated with fibrotic lung
responses and result in inflammation and an increased risk of carcinogenesis. Data on
personal exposure to engineered nanomaterials is very limited, partially due to lack of
suitable instrumentation. Therefore, miniature, low-cost instrumentation to monitor
personal exposure to nanoparticles in the workplace will play an important role in design
and implementation mitigation strategies.
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Existing personal particle samplers are primarily focused on particles larger than
0.1 µm. In these devices, particles are inertially separated and then collected at different
stages within the personal impactors or cyclones. The manual measurement for the
particle mass collected on each impactor/cyclone stage after the exposure is necessary
(Lee et al., 2006, Misra et al., 2002, Koch et al., 1999; Chen et al., 1999). These samplers
have been widely applied for particle measurements in different environments (Liu et al.,
2002, Mader et al., 2001). While the inertial-separation-based devices work well in
separating particles in the supermicrometer and upper submicrometer range, they are not
effective for collecting particles in lower submicrometer and nanometer size range.
Electrical mobility-based particle sizing techniques, on the other hand, are ideal
for measuring nanometer sized particles down to 1 nm. A typical electrical mobilitybased particle sizer consists of three essential components: a particle charger to
electrically charge the sampled particles to a known charge distribution, a particle
electrical mobility-based classifier, and an aerosol detector to measure the concentration
of the classified particles. Widely used mobility-based instruments that measure particle
size distributions in the lower submicron and nanometer range, such as the scanning
mobility particle sizer (SMPS; TSI model 3936), are more suitable for laboratory and
scientific studies. Their size, weight, and cost are prohibitive for their use as personal
exposure monitors.
To develop the miniature version of electrical mobility particle sizer, it is
necessary to significantly reduce the size of the aerosol charger, the particle classifier,
and the detector. To address these concerns, Qi et al. (2008) have recently developed a
miniature, low-cost disk-type electrostatic aerosol precipitator. Despite its compact size,
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the prototype device provides satisfactory penetration for charged particles. Qi et al.
further developed a semi-empirical model to describe the penetration curves of charged
particles through the precipitator. While the mini-disk precipitator performs well for the
task of altering the size distribution of sampled particles, it can not separate charged
particle via selected electrical mobility, consequently, making it difficult to retrieve more
precise particle size distribution.
For use in personal nanoaerosol sizer, we have designed and evaluated a new
miniature disk electrostatic aerosol classifier (mini-disk EAC). The prototype used
parallel disk geometry and is described in detail in the following section. A similar
electrostatic aerosol analyzer (EAA) that uses radial flow configuration has been
developed before (Pourprix and Daval, 1990). The principal difference between the
previous designs and our current prototype is in the design of the aerosol and the sheath
flow directions. The device developed by Pourprix and Daval (1990), introduced a design
where both the aerosol and sheath flows come from the outer edge of parallel disks while
ours reverses the direction of both flows. Moreover, the size of our prototype is
significantly smaller compared to the earlier designs. Differential mobility analyzers
(DMAs) with the radial configuration, i.e., the Spectromètre de Mobilité Electrique
Circulaire (SMEC) and the Radial Differential Mobility Analyzer (RDMA), have also
been developed (Pourprix, 1994; Zhang et al, 1995). The inclusion of monodisperse
aerosol flow channels in these radial flow DMAs potentially increases the manufacturing
cost for personal particle sizers. Low cost is the primary reason for adopting an EAAtype scheme in this work compared to DMA-type differential classification scheme.
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In the following sections, we report on the design of the mini-disk EAC and on
the experimental evaluation of its performance. We evaluated the performance of our
prototype by measuring the penetration efficiency of particles with a specific electrical
mobility as a function of applied voltage at a fixed aerosol flow rate. A critical electrical
mobility Zpc, defined as the electrical mobility of particles having 50% penetration as
they pass through the prototype for a given voltage, can then be determined from the
penetration measurement. A simple model was further derived in this study to predict the
performance of the prototype. Furthermore, the experimental transfer function of the
mini-disk EAC was retrieved based on the deconvolution scheme assuming non-diffusive
transfer function for DMA and compared with the theoretical transfer function from the
proposed model.

2. Design of the Miniature disk Electrical Aerosol Classifier

The schematic diagram of mini-disk EAC with critical dimensions is shown in
Fig. 1. The prototype consists of a top metal disk electrode and a bottom metal disk
electrode, which is embedded in the delrin cavity case. The particle classification region
in the miniature classifier is created by the space between the top disk electrode plate and
the bottom disk electrode; the gap between the two electrodes is controlled by an
electrically insulating spacer of 1.6 mm height. Electrically charged particles are
introduced into the classification region through the circular entrance slit, formed by a
flange centrally attached to the aerosol entrance tube and the cave-in at the center of the
bottom disk electrode. The spacing and aerosol flow injection angle of the entrance slit is
controlled by the contours of the tube flange and of the cave-in. The particle-free sheath
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flow is delivered to the classification region by a flow entrance, formed by the annular
space between central aerosol tube and an outer tube. The sheath flow is supplied through
a side tube as shown in Fig. 1. Three annular slots, located close to the outer edge the
bottom disk electrode, allow aerosol to exit from the classification region. Classified
particles, after passing through the annular slots, merge together and then leave through
the central tube at the bottom.
Aerosol flow
in
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Insulation
spacer

14.73
Sheath
flow in

Top disk
electrode

11.18

Circular
slit

46.23
11.18
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slot
0.76

Flow out
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Figure 1 Schematic diagram of prototype miniature disk electrical aerosol classifier

High electrical potential is applied to the bottom disk electrode. The top metal
disk electrode plate is electrically grounded. Since the aerosol enters the classification
region along the bottom electrode, it will be necessary to maintain the polarity of the
bottom electrode same as that of the aerosol particles in order to classify the particles.
When a uniform electrical field is established between the electrodes, the trajectories of
charged particles in the classification region will deflect towards the top disk plate.
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Particles with sufficiently high electrical mobility will deposit on the top metal disk, and
those with less mobility will exit the classifier.
Compared with the miniature disk-type electrostatic aerosol precipitator designed
by Qi et al., a sheath flow is introduced into this the mini-disk EAC, which could provide
the opportunity to separate charged particle based on their electrical mobility and give
more precise information for retrieving particle size distribution.

3. Experimental Setup for the Evaluation of Miniature disk Electrical Aerosol
Classifier

Shown in Fig. 2 is the schematic diagram of the experimental setup used for the
performance evaluation of mini-disk EAC. Two different techniques were used to
generate test aerosols. Polydisperse Ag particles with electrical mobility diameters
ranging from 10 to 50 nm were generated by the evaporation-condensation technique
(Scheibel and Porstendörfer, 1983). Ag powder was placed in a ceramic boat located in a
high temperature tube furnace (Lindberg/Blue Model CC58114A-1). Nitrogen at the flow
rate of 1.5 l min-1 was used as the vapor carrier gas, passing through a tube placed in the
furnace. The flow rate of the carrier gas was regulated and monitored by a needle valve
and a laminar flow meter prior to its introduction to the furnace tube. The powder
material in the ceramic boat was evaporated at high temperature, and its vapor was
carried out by the nitrogen gas flow. At the exit of the furnace tube, polydisperse
nanoparticles were formed by mixing the vapor carrier gas with particle-free air at room
temperature. A constant-output, custom-made atomizer was used to produce KCl
particles with electrical mobility sizes from 50 to 120 nm (Liu and Pui, 1974). The flow
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rate output from the atomizer was 4.0 l min-1 when the compressed air pressure was at 30
psig. Droplets produced by the atomizer were passed through a Po210 radioactive
neutralizer to remove electrical charges on the particles, and also through a diffusion
dryer to remove the solvent in droplets.
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Figure 2 Experimental setup for the measurement of particle penetration and cutoff
curves

A differential mobility analyzer (DMA, TSI Model 3081) was used downstream
from the polydisperse aerosol generation systems to obtain near-monodisperse particles
of desired sizes. Prior to introducing into the DMA, the polydisperse aerosol was passed
through a Kr85 radioactive bipolar charger to impart a steady state charge distribution
(Knutson and Whitby 1975). The DMA was operated at an aerosol flow rate of 1.0 l min-1
and at the sheath flow rate of 10.0 l min-1. Since the mini-disk EAC can be operated at
different aerosol and sheath flow rates, clean compressed air was used as the sheath flow
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regulated and monitored by a needle valve and a laminar flow meter. The total flow rate
of the mini-disk EAC was controlled by an Ultrafine Condensation Particle Counter
(UCPC, TSI model 3025A), operated at a high flow rate, and a vacuum pump with a
needle valve.
The transmission efficiency of singly charged particles through the prototype was
first measured at different particle sizes. In this part of the experiment, particle number
concentrations both upstream and downstream of the mini-disk EAC, Nup and Ndn(0)
respectively, were measured by a UCPC. The particle transmission efficiency was then
obtained by the ratio of Ndn(0) and Nup:

Transmission =

N dn (0)
.
N up

(1)

To measure the particle cutoff curves of the mini-disk EAC, DMA-classified
aerosol were directly introduced into the classifier. For each electrical mobility of the
DMA-classified aerosol, we first measured the particle concentration downstream from
the mini-disk EAC with no voltage applied, i.e. Ndn(0). Downstream particle
concentrations at different voltage settings, Ndn(V), were then measured. As applied
voltage was gradually increased from zero, more number of particles precipitated on the
top electrode. All charged particles eventually precipitated when sufficiently high voltage
was applied. The particle cutoff curve for a given electrical mobility of the DMAclassified aerosol was obtained by the measured particle penetration (P) as a function of
applied voltage:
P=

N dn (V )
.
N dn (0)

(2)
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4. Results and Discussion
4.1 Particle Transmission Efficiency

Fig. 3 shows the measured transmission efficiency of singly charged particles
through the mini-disk EAC operated at an aerosol flow rate (Qa) of 0.5 l min-1 and the
sheath flow rate (Qsh) of 1.0 l min-1. Monodisperse particles in the diameters ranging
from 10 to 120 nm were used for the measurement. It is evident that the particle loss is
not significant despite the narrow spacing of the classification region. The loss of
particles larger than 60 nm is negligible. As expected the loss of singly charged particles
in the prototype increases as the particle size decreases. The singly charged particle
penetration of the prototype reduces to 67% at 10 nm. More, the data-fitted equation in
Fig. 3 can be used in the data reduction scheme to recover the size distributions for
particles larger than 10 nm in diameter.
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Figure 3 Transmission efficiency of singly charged particles in the mini-disk EAC
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4.2 Penetration curves of Miniature disk Electrical Aerosol Classifier

The performance of mini-disk EAC is characterized by the so-called particle
cutoff or penetration curve, which describes the particle penetration as a function of
applied voltage. During the performance characterization, the top disk electrode of the
disk classifier was electrically grounded, and high voltage was applied at the bottom
electrode.
Shown in Fig. 4 are the cutoff curves of particles 80 nm in diameter that have
different aerosol flow rates but a constant total flow rate (Qt) of 1.5 l min-1 (i.e., Qa+Qsh).
The measured particle penetration at voltage V was normalized with transmission
efficiency at V=0 and the applied voltage was normalized using V50, the voltage at 50%
particle penetration. The standard deviation for each data point includes the UCPC
fluctuation. As expected, the slope of particle cutoff curves, defined as the slope of lines
tangential to the 50% normalized particle penetration, increases with the decreasing ratio
of the aerosol to the sheath flow rates ( β =

Qa
Qsh

). The results also show that sharpness of

cut-off couldn’t be significantly improved when the Qa was reduced below 0.5 l min-1. It
is worth noting that a lower β also means greater dilution of the aerosol flow exiting the
classifier. Dilute particle concentration may present difficulties in aerosol concentration
measurement, particularly if one is using Faraday cage electrical detectors. Therefore it is
desirable to operate the classifier at the highest possible aerosol flow rate and the lowest
acceptable aerosol-to-sheath flow rate ratio. With the above consideration, the prototype
was operated at the Qa=0.5 and Qt= 1.5 l min-1, respectively, for the subsequent
experiments.
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Figure 4 Particle cutoff curves of the disk classifier for 80 nm particles at different
aerosol flow rate while keeping the total flow rate of 1.5 l min-1: Normalized
penetration vs. normalized voltage

Shown in Fig. 5(a) are V50 for 80 nm particles when the classifier was operated at
different values of Qt but at constant Qa of 0.5 l min-1. The results demonstrate that higher
voltage is required to achieve the same particle penetration efficiency as Qt increases,
keeping the Qa constant. Shown in Fig. 5(b) are the particle cutoff curves with the
normalized voltage abscissa for 80 nm particles when the classifier was operated at
different values of Qt but at constant Qa of 0.5 l min-1. In the figure, the measured
penetration is normalized with respect to transmission efficiency at V=0. All the data at
different applied voltages collapse into one curve. This indicates that the effect of β on
the characteristics of penetration curves of the mini-disk EAC is negligible when β<0.5.
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Since lower voltages are preferable for personal instrumentation applications, it is
desirable to maintain lower sheath flow rates in the classifier. Therefore, it is desirable to
operate the mini-disk EAC at a Qt ≤ 1.5 l min-1 and β= 0.5.
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Figure 5(a) Voltages at a 50% penetration (V50) for 80 nm particles when the classifier
was operated at different total flow rate while keeping the aerosol flow rate
of 0.5 l min-1
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Figure 5(b) Particle cutoff curves of 80 nm particles when the classifier was operated at
the aerosol flow rate of 0.5 l min-1 while varying the total flow rate:
Normalized penetration vs. normalized voltage

Shown in Fig. 6(a) are particle cutoff or penetration curves for different DMAclassified particle diameters when the prototype is operated at Qa= 0.5 and Qt=1.5 l min-1,
respectively. Y-axis represents the measured penetration efficiency normalized with
transmission efficiency at V=0. As expected, the V50 increased with the increasing particle
diameter. The critical electrical mobility Zpc, defined as the electrical mobility of particles
having 50% penetration as they pass through the prototype for any given voltage, can
thus be determined from the particle cutoff curves. Fig. 6(b) shows the same data shown
in Fig. 6(a) except that the normalized voltage was used as the abscissa. The curves
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collapse into one curve in Fig. 6(b). This shows that the penetration characteristics, or the
transfer function of the classifier, are relatively constant over the size range of interest.
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Figure 6 Particle cutoff curves of different particle sizes when the classifier was operated
at the aerosol and total flow rates of 0.5 and 1.5 l min-1, respectively: (a)
Normalized penetration vs. applied voltage; (b) Normalized penetration vs.
normalized voltage

5. Semi-empirical Model to Describe the Transfer Function of the Mini-disk EAC

The transfer function is defined as the probability that an aerosol particle which
enters the mobility analyzer via the aerosol inlet will leave via the aerosol outlet. The
difference between the transfer function and the cutoff curve of the mini-disk EAC is that
the cutoff curve is actually the convolution of transfer functions of both the DMA and the
mini-disk EAC. There are three reasons for developing a model to describe the particle
transfer function of the prototype. One is to understand the fundamental precipitation
mechanism governing the prototype. Another is that the developed model can be used to
predict the particle transfer functions of different sizes when the operational condition of
the prototype is varied. The third reason is that such a model will be necessary for data
inversion scheme to recover particle size distributions.
ground
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Figure 7 Illustration of the particle classification region in the prototype used in the
modeling. Included in the illustration are flow streamlines for defining
polydisperse aerosol, sheath and total flow rates.

Shown in Fig. 7 is the simplified particle classification region of the classifier.
Due to the axisymmetric geometry of the prototype, only half of the classification region
is shown. Cylindrical coordinate system, with the r and z denoting the radial and axial
coordinates, respectively, is used in the following derivation. Neglecting the particle
inertial and diffusion effects on the particle transport behavior in the classification region,
we find that the trajectory of a charged particle is governed by the following equations:
dr
= u r + Z p Er ,
dt

(3)

dz
= uz + Z p Ez ,
dt

(4)

where, Zp is the electrical mobility of the particle, calculated as

Zp =

neCc
3πηd p

(5)

in which n is the number of elemental electrical charges on particles, Cc the Cunningham
correction factor, η the gas viscosity; ur and uz the radial and axial components of the
flow velocity; and Er and Ez the respective components of the electrical field. In this
derivation, we also assume that the electrical field distortion at the aerosol entrance and
outlet is negligible because of the narrow slit spacing. The electrical field is thus constant
in the axial direction and zero in the radial direction. Similarly, we assume the flow
distortion at the aerosol inlet and outlet to be negligible. The flow velocity in the
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classification region of mini-disk EAC is therefore assumed to be in the radial direction
only.
With the above assumptions, the particle stream function formulation for nondiffusive particles is used (Knutson and Whitby; 1975):
Γ( r , z ) = ψ (r , z ) + Z p Φ (r , z )

(6)

which is expressed in terms of the fluid stream function ψ and the corresponding electric
flux function Φ. Assuming that the flow is incompressible, laminar and axisymmetric,
one can define the stream function and electric flux function by Eqs. (7, 8) as follows:
r ,z

ψ (r , z ) = ∫ [ru r dz − ru z dr ] ,
r ,z

(7)

r ,z

Φ (r , z ) = ∫ [rE r dz − rE z dr ] = ∫ [− rE z dr ] .

(8)

Since it is assumed that the particles are non-diffusing, the particle stream
function remains constant along the particle trajectory. Therefore the following equation
applies for the trajectory of particles with a given electrical mobility:
∆ψ = − Z p ∆Φ .

(9)

Three key streamlines, ψ1, ψ2, and ψ3, can be defined in the classification region
and are shown in Fig 7. The streamlines ψ1 and ψ2 bound the aerosol flow entering
through the entrance slit. The streamlines ψ2 and ψ3 bound the sheath flow. Since both
aerosol flow Qa and sheath flow Qsh exit the device from the same slot, the streamlines ψ1
and ψ3 form the boundaries of the total flow. The flow rates of Qa and Qsh can be then
described as:
Qa = 2π (ψ 2 −ψ 1 ) ,

(10)
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Qsh = 2π (ψ 3 −ψ 2 ) .

(11)

When charged particles having electrical mobility ZP enter the classification
region and the voltage V applied to the bottom electrode, some particles are attracted to
the upper ground plate by the electrical field. A critical streamline ψc can thus be defined.
Particles entering the classification region between the streamlines ψ2 and ψc are
precipitated, where ψ 1 ≤ ψ c ≤ ψ 2 , while the others exit the region. Therefore, particles
entering at streamline ψc move to streamline ψ3 when they exit, and it can be described by
the following equation:

ψ c = ψ 3 + Z p ∆Φ ,

(12)

ro 2

ro22 − ric2 V
∆Φ = ∫ − rE z dr = −
,
2 d
ric

(13)

where ric is the radial coordinate of the critical streamline ψc at the entrance slit; r02 is the
radius of the streamline ψ3 at the exit slot .
Assuming the particle concentration at the aerosol entrance is uniform, the
particle penetration is give by:

P = 1−

ψ 2 −ψ c
.
ψ 2 −ψ 1

(14)

Submitting Eqs (10) - (13) into Eq. (14), we get:

P =1+

Qsh
− KV ,
Qa

(15a)

where,

K=

πZ p
Qa d

(ro22 − ric2 ) .

(15b)
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The

boundary

condition

ψ1 ≤ ψ c ≤ ψ 2

then

implies

Qsh d
(Q + Q ) d
Qsh d
), all particles pass
≤ Z p ≤ sh 2 a 2 . If ψ c ≤ ψ 1 (i.e., Z p ≤
2
2
πV (ro 2 − ric )
πV (ro 2 − ric )
πV (ro22 − ric2 )

through the device (i.e., P = 1). If ψ 2 ≤ ψ c (i.e.,

(Qsh + Qa ) d
≤ Z p ), all particles are
πV (ro22 − ric2 )

precipitated in the device (i.e., P = 0).
In general, Eq. (15) is rather less useful since P is a function of ric- a quantity that
is not known a priori. As an approximation, ric can be replaced by an average of ri1 and
ri2 [i.e., ri = (ri1 + ri 2 ) / 2 ]. This error is estimated to be very small for our prototype; the
relative difference between the values of ro22 − ri12 and ro22 − ri 22 is about 5%. It is estimated
that the maximum error introduced by this approximation in Eq. (15) is less than 3%. To
take into account the non-ideal conditions such as the electrical field and flow distortion
at the aerosol entrance and exit, an empirical coefficient α is introduced in Eq. (15b):

K=

πZ p 2
(ro 2 − ri 2 ) .
Qa dα

(16)

The particle transfer function as a function of applied voltage for a certain particle size
can then be modeled using Eqs (15a) and 16.
Fig. 8 shows the comparison of the experimental and calculated voltages at the
50% particle penetration as a function of electrical mobility for the prototype operated at
the aerosol and total flow rates of 0.5 and 1.5 l min-1, respectively. The value of α was
assumed to be 1 in these calculations. The excellent agreement between the experimental
and the theoretical V50 at all tested electrical mobility demonstrates the accuracy and
usefulness of this simple model.
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Figure 8 Comparison of the experimental and predicted voltages at a 50% penetration
(V50) as a function of test particle electrical mobility.

Since the experimental data is a result of convolution of transfer functions of both
the DMA and the mini-disk EAC, the theoretical non-diffusive response of the mini-disk
EAC, obtained by convoluting the DMA and the classifier transfer functions is also
calculated and shown in Fig. 9(a) as a function of normalized voltage for the mini-disk
EAC operated at the Qa=0.5 and Qt=1.5 l min-1. In this study, the DMA was operated at a
flow rate ratio of 1:10, and the prototype was operated at the flow rate ratio β=0.5.
Overall, the slope of the theoretical non-diffusive curve is slightly steeper than that
obtained experimentally. However, the agreement between theoretical and experimental
values is excellent for penetrations in the range 30-70%.
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Fig. 9(b) shows the comparison of experimental and theoretical transfer function
as function of normalized voltage for the mini-disk EAC operated at the Qa=0.5 and
Qt=1.5 l min-1. The experimental transfer function is retrieved based on the deconvolution
scheme assuming non-diffusive transfer function for DMA (Li et al., 2006). Overall, the
slope of the theoretical non-diffusive curve is also slightly steeper than that obtained by
using the experimental data. We also considered the possible experimental errors,
possibly both a 10% and a 2% variation for the flow rates of the UCPC (Qt) and the
laminar flow meters (Qsh) through the classifier. The worst-case scenario for the disk
classifier transfer function of the non-diffusive particles is also shown in Fig. 9(b). The
plot shows that the experimental transfer function with a penetration efficiency ranging
from 20 to 70% is close to the theoretical worst case. Other possible reasons for the
deviation from the theoretical response could be Brownian diffusion and flow distortion,
which could lead to smearing of particle trajectories. The experimental transfer function
of the mini-disk EAC can be used in the data-reduction scheme to retrieve a more
accurate particle size distribution from the raw data measured by the mini-disk EAC.
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Figure 9 Comparison of experimental and predicted curves as a function of normalized
voltage when the classifier was operated at the aerosol and total flow rates of
0.5 and 1.5 l min-1, respectively: (a) cutoff curves; (b) transfer function curves.
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6. Conclusion

We report design and development of an electrical mobility-based prototype of a
miniature disk electrostatic aerosol classifier intended for use in miniature nanoparticle
sizer. This new miniature prototype provides a low-cost solution for miniature
nanoparticle sizers, much needed in spatially distributed particle size measurement or
personal exposure monitoring. Performance of the prototype was experimentally
characterized in the laboratory using DMA-classified aerosols. Despite its compact size,
the prototype has satisfactory penetration for singly charged particles, as is evidenced by
the penetration measurement of singly charged particles with sizes ranging from 10 to
120 nm. The singly charged particle penetration at the aerosol and sheath flow rates of
0.5 and 1.0 l min-1, respectively, was close to 100% for particles with sizes larger than 60
nm. The penetration decreases as the particle size decreases. The penetration of charged
particles through the prototype was at 67% at a particle size of 10 nm (i.e., the lower limit
of a particle size targeted for the prototype). The performance of the prototype was
experimentally characterized by so-called the particle cutoff curves, i.e., the normalized
penetration vs. the normalized voltage. The particle cutoff curves were obtained at
different combinations of aerosol and sheath flow rates in the experimental evaluation of
prototype performance. From the experimental data, we recommend the prototype to be
operated at the aerosol and sheath flow rates of 0.5 and 1.0 l min-1, respectively. The
recommended flow rate operation for the prototype is determined by the facts that (1) the
slope of the prototype’s particle cutoff curves would not be further improved with the
aerosol-to-sheath flow rate ratio less than 0.5; (2) the aerosol concentration would be
further diluted when a lower aerosol-to-sheath flow ratio is used—a drawback is one is

158

using electrical detectors downstream. In addition to the experimental evaluation, the
methodology used by Knutson and Whitby (1975) for DMA analysis was applied to
develop a semi-empirical model for the description of the particle transfer function of the
prototype. The comparison between the experimental data and the prediction shows that
the model successfully predicts the voltages at a 50% penetration of particles with
different electrical mobilties. However, a comparison between the experimental and the
calculated cutoff curves shows that the slope of the theoretical particle cutoff curve is
slight larger than experimental curve. The slight difference in the experimental and
theoretical slopes may be attributed to particle diffusion and flow distortion in the
classification region which leads to smearing of trajectories. Nonetheless, the developed
model can be used to optimize the mini-disk EAC performance. The experimental
particle transfer function of the mini-disk EAC was also obtained by the deconvolution
scheme. The experimental transfer function of the disk classifier can be used in the datareduction scheme to retrieve more accurate particle size distribution from the raw data
collected by miniature nanoparticle sizers utilizing the mini-disk EAC as the size altering
component.
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Abstract

The performance of an Electrical Aerosol Detector (EAD; TSI Model 3070A) was
experimentally evaluated for measuring the integral parameters of particles (i.e., total
length concentration of particles, and the total surface area concentrations of particles
deposited in a human lung). The EAD consists of a unipolar diffusion charger with an
ion-trap, and aerosol electrometer. We first evaluated the performance of the EAD
charger. Both polydisperse and monodisperse particles of Ag, NaCl, and oleic acid (with
the dielectric constants of infinite, 6.1 and 2.5) were then generated to evaluate the
particle material effect on the EAD readout.

Key words: Electrical Aerosol Detector (EAD); Particle total length; Particle surface
area; Material dependence; Unipolar charger evaluation
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1. Introduction

Nanoparticles are encountered in many industrial systems utilizing aerosol
reactors. Such reactors are used in industry to make a wide variety of particulate
commodities, such as carbon black, pigments, and materials for high technology
applications such as optical waveguides and powders for advanced ceramics [1].
Nanoparticles of different physical and chemical properties are synthesized through
different methods for these new applications. A similar scenario is encountered in many
other systems, where a large quantity of the so-called “undesirable” aerosols is produced.
Biswas and Wu [2] cite as examples municipal waste incinerators, hazardous waste
incinerators, welding systems, exhausts, coke ovens, smelters, nuclear reactor accidents,
utility boilers, and the exhausts from automobile, diesel engine, and jet aircraft. As more
studies reveal that nanoparticles may be associated with deleterious health effects [3-6], it
will be necessary to monitor them in closed or ambient environments where workers or
the public are potentially to be exposed. This leads to the increasing demand/need for a
simple device capable of monitoring the integral parameters (i.e., total number, length,
surface area concentration) of nanoparticle size distributions. Electrical aerosol detector
(EAD) techniques are thus proposed for the above-mentioned tasks. A typical EAD
consists of two key components: one for electrically charging aerosols and one that
measures the current/charges on charged aerosols. The readout of an EAD strongly
depends on the charging technique used.
The measurement of aerosol number concentration using EADs can be
accomplished by imparting electronic charges to particles and measuring the resulting
charges with an aerosol electrometer. Liu and Lee [7] used unipolar diffusion charging
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and electrometer detection to measure the electrical charges on particles for aerosol
concentration measurements. John [8] used contact electrification coupled with an
aerosol electrometer for the monitoring of particulate matter. In general, the techniques
can be used for precise concentration measurements only if the charging characteristics
on particles are constant and measured aerosols have the same or very close size
distributions. Further, ion interception by particles has been used by investigators to
determine the number concentration and mean diameter of aerosol systems [9]. In this
60

method, bipolar ions are produced by a Co source in a cylindrical chamber. As particles
passing through the chamber, the ions are intercepted, and the ion current is attenuated.
The measurement of particle number concentration is then deduced through the
comparison of the attenuated ion current to that from a parallel chamber in which all
particles are filtered. The principle of monitoring ion attenuation due to the presence of
aerosol has been applied to smoke detectors commonly installed in all the office
buildings and residential houses [10].
The EAD technique had also been proposed to study the diameters of particles
[11]. In an aerosol flame ionization detector, aerosol particles passing through a H2 flame
alter the dielectric properties of the flame region. With appropriate dilution, aerosol
particles pass through the flame one by one, and the integrated response is simply related
to the particle diameter for a given substance. However, the response of the aerosol flame
ionization detector depends significantly upon the particle composition.
More recently, the EAD technique has been proposed to monitor the total length
concentration of nanoparticles. Renewed interest in a simple integral parameter
measurement of particles prompted the complete redesign and introduction of the Model
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3070A Electrical Aerosol Detector (EAD). The EAD measures a unique aerosol
parameter called total aerosol length concentration (mm/cm3), which can be thought of as
the product of the number concentration and average particle diameter, or simply as the
first moment of particle size distribution (i.e., the integral of the size-weighted particle
size distribution). Fig. 1 shows the schematic diagram of an EAD. Sampled particles are
first passed through a small cyclone to remove particles with diameters larger than 1.0
µm. The sampled aerosol flow of 2.5 lpm is then split unequally: one portion of the flow

(1.5 lpm) is directly introduced into the aerosol charging chamber and the other portion
(1.0 lpm) is used as the carrier for unipolar ions, generated in the corona discharging
region. The 1.0 lpm portion of the flow is first passed through HEPA and active carbon
filters to remove particles and vapor contaminants in the stream, then serves as an ion
carry flow. The two split flow streams are combined and mixed in the aerosol charging
chamber. Particles exiting from the mixing chamber are passed through an ion-trap, with
the voltage set at 20V to remove excess ions. The electrical charges carried by particles
are measured in an aerosol electrometer of the Faraday cage type downstream of the iontrap. The output of diffusion charger with ions provided by corona discharge in the EAD
has a linear relationship between particle diameter and the number of elementary charge
acquired by particles in the diameters ranging from 10 nm to 1 µm [12]. The overall EAD
response, which includes internal particle losses, follows a nearly linear power law, with
the net electrometer current proportional to the particle diameter raised to the 1.133
power [12].
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Figure 1 Schematic Diagram of the Electrical Aerosol Detector (EAD) under this study

For the surface area measurement of particles, an integrated system consisting of
a condensation particle counter (CPC), mass concentration monitor (MCM), and
electrical aerosol detector (EAD) were used to characterize the integral parameters (i.e.,
the total number, surface area, and mass concentration) of sampled particle size
distributions [13]. Recent study using the integrated system and atmospheric field data
has shown that the EAD readout can be a useful indicator of the surface area
concentration of particles deposited in human lungs [14]. It has further been found that
the response of the EAD with the ion-trap voltage at 100V correlates with the calculated
surface area concentration of particles deposited in the tracheobronchial (TB) lung
region, and that with an ion-trap voltage set of 200V correlates with that deposited in the
alveolar (AL) region [15]. Based on this observation, the TSI Nanoparticle Surface Area
Monitor (NSAM, Model 3550) has thus been made commercially available to measure
the surface area concentration of nanoparticles deposited in the TB and AL regions of a
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human lung by adjusting the ion-trap voltage of TSI 3070A EAD. A portable version of
the NSAM (TSI Model 9000) is also available on the market.
Due to the unipolar diffusion charger used in the EAD, the concern of particle
material dependence on the EAD readout has been raised [16, 17]. The electrical image
force resulting from unipolar ions moving in the close proximity of particles plays an
important role in the diffusion charging process. The dielectric constant effect on the
resulting image force can be quantified by a factor of (

κ −1
), where κ is the dielectric
κ +1

constant of the particle material. To investigate the effect of the particle material on the
EAD readout, calibration factors (i.e., a constant to convert the EAD readout to the
sampled particle surface area concentration) have been measured using monodisperse
(Ag agglomerates and NaCl, 7 - 100 nm) and polydisperse particles (Ag agglomerates,
number count mean diameter below 50 nm) [18]. No significant dependence of the
calibration factors on particle material was concluded in the study. Both Ag and NaCl test
particles used in the study mostly in the range less than 100 nm have relatively high
dielectric constants: infinite and 6.1, resulting in the image force factor of 1 and 0.71,
respectively. Furthermore, although the configuration and performance of the EAD
charger have been studied previously [19], the flow rates used in this investigation are
different. It is thus important to characterize the EAD aerosol charger under its current
operational flow rate setting to understand the effect of particle material on the EAD
readout in more detail.
In this work, we first measured the charging efficiency and charge distribution of
particles after the EAD charger using monodisperse Polystyrene latex (PSL) and Ag
particles (with the dielectric constants of 2.5 and infinite, respectively) in the diameter
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range of 4 - 105 nm. We then evaluated the performance of the EAD with the ion-trap
voltages set at 20, 100, and 200 V, using polydisperse and monodisperse particles of oleic
acid, NaCl, and Ag (with the dielectric constants of 2.5, 6.1 and infinite, respectively)
with the mean sizes ranging from 20 to 200 nm.

2. Experimental Evaluation of EAD Charger
2.1. Experimental Setup

To investigate the performance of the EAD charger, a custom-made adaptor was
made to sample all particles downstream from the EAD ion-trap. In this experiment, no
voltage was applied on the EAD ion-trap. The study to characterize the charger’s
performance consists of two parts: measuring charging efficiency and charge distribution
of particles.
Two different techniques were used to generate test aerosols. The setups for two
aerosol generation techniques are shown in Fig. 2. Polydisperse Ag particles with
electrical mobility sizes ranging from 5 to 50 nm were generated by the evaporation-andcondensation technique [20]. In this setup, Ag powder was placed in a ceramic boat
located in a high temperature tube furnace (CM Furnace 1730-20HT). Nitrogen at a rate
of 2.0 lpm was the vapor carrier gas, passing through a tube placed in the furnace. The
flow rate of the carrier gas was regulated and monitored by a needle valve and laminar
flow meter prior to its introduction through the furnace tube. The powder material in the
ceramic boat was evaporated at high temperature, and its vapor was carried out by the
nitrogen gas flow. At the exit of the furnace tube, polydisperse nanoparticles were formed
by mixing the vapor carrier gas with particle-free air at room temperature. To vary the
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mean sizes of generated particles, the tube furnace temperature was varied from 1000 °C
to 1200 °C for Ag particles. A constant-output, home-made atomizer was used to produce
PSL particles with electrical mobility sizes from 85 to 105 nm. The flow rate output from
the atomizer was 4.0 lpm when the pressure of compressed gas was at 30 psig. Droplets
produced by the atomizer were passed through a Po210 radioactive neutralizer and silicongel diffusion dryer before they were used as test aerosols to remove the electrical charges
and the solvent in droplets.
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Figure 2 Diagram of the experimental setup for the performance evaluation of the
unipolar diffusion charger used in the EAD
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To produce monodisperse test particles, a differential mobility analyzer (DMA,
TSI Model 3081) was used downstream of both polydisperse aerosol generation systems
to classify the particles with desired diameters. Prior to their introduction to the DMA,
generated particles were electrically charged in a Kr85 particle charger [21]. The DMA
was operated at aerosol and sheath flow rates of 1.0 and 8.0 lpm, respectively. A Po210
radioactive neutralizer at the DMA monodisperse aerosol exit reduced the electrical
charges on classified particles. Neutral test particles were needed for this part of the
experiment. To remove all the charged particles in aerosol flow stream, an electrostatic
condenser (EC) was installed at the exit of the aerosol neutralizer, located downstream of
the DMA monodisperse aerosol exit.
For the extrinsic charging efficiency measurement, the charged fraction of
particles exiting the EAD charger was measured. The task was accomplished by
installing a 2nd EC at the downstream of the EAD charger to remove the charged fraction
of particles in the flowstream, and then measuring the number concentration of neutral
particles after the 2nd EC by an Ultrafine Condensation Particle Counter (UCPC, TSI
model 3025A). For the charge distribution measurement, the particles leaving the EAD
charger were directly sampled by a Scanning Mobility Particle Sizer (SMPS, TSI Model
3936) without the Kr85 neutralizer in place. The SMPS scanned the electrical mobility
distribution of particles exiting the EAD charger, from which the particle charge
distribution was obtained.

2.2 Calculation of EAD Charging Efficiencies
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In this part of the experiment, the intrinsic charging efficiency was measured by
the method used by Romay and Pui [22], calculated as

ηin = 1 −

N1
,
N2

(1)

where ηin is the intrinsic charging efficiency, and N1 is the particle number concentration
measured with both the charger and EC on, whereas N2 is measured with both the charger
and EC off. The extrinsic charging efficiency was evaluated by the method described by
Chen and Pui [23], defined as

ηex =

( N 3 − N1 / Pec )Qt
.
N 4Qin

(2)

Here ηex is the extrinsic charging efficiency; N3 the number concentration of particles
exiting the EAD charger when the EAD charger is on; N4 the number concentration of
particles entering the charger; Pec the penetration of neutral particles through the 2nd EC.
The total volumetric flow rate exiting the EAD charger Qt and the volumetric flow rate of
aerosol entering the mixing chamber in the EAD charger Qin relates to Qt as
Qt = Qin + Qi ,

(3)

where Qi is the volumetric flow rate of the ion carrier gas.

2.3 Results on the Performance of EAD Diffusion Charger

To study the performance of the EAD charger, we measured the intrinsic and
extrinsic charging efficiencies as well as charge distributions of particles exiting from the
EAD diffusion charger using monodisperse Ag particles in the size range of 5 - 50 nm
and PSL particles in the size range of 85 - 105 nm. Fig. 3 shows the intrinsic and extrinsic
charging efficiencies for the EAD diffusion charger operated at the designed flow rates
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(i.e., 1.5 lpm aerosol and 2.5 lpm total flow rates). As expected, the intrinsic charging
efficiency curve is higher than the extrinsic efficiency, because of the loss of particles in
the EAD unipolar charger as they become electrically charged. The intrinsic charging
efficiency is higher than 95% for particle sizes larger than 40 nm. For sizes less than 40
nm, the charging efficiency decreases as the particle size decreases. The extrinsic
charging efficiency remains constant at 90% for particle sizes larger than 50 nm. The
extrinsic charging efficiency decreases with particle diameter below 50 nm.
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Figure 3 Measured intrinsic and extrinsic charging efficiencies for the unipolar EAD
charger used in the EAD. Monodisperse PSL and Ag particles were used in the
experiment

Fig. 4 shows the measured charge distributions of Ag particles in the size range of
15 - 50 nm, and of PSL particles in the range of 85 - 105 nm. It was found that for
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particles less than 20 nm in diameter, the electrical charge on particles exiting the EAD
charger is mostly single. The mean electrical charge on the charge distribution increases
as the particle size increases. If there is obvious material dependence, the charge
distribution of PSL particle with large size might be very close or equal to that of Ag
particle with small size. In our case, particle charge distribution smoothly transit toward
the multiple charges direction from Ag to PSL when increasing particle size. Therefore,
the smooth transition between Ag and PSL particles on both charging efficiency curves
and charge distribution implicitly indicates minor particle material dependence on the
EAD readout for the case of monodisperse particle testing.
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Figure 4 Measured charge distribution of particles exiting the EAD unipolar diffusion
charger: (a) Ag particles and (b) PSL particles

3. Evaluation of EAD for the Aerosol Integral Parameter Measurements
3.1 Experimental Setups for Material Dependence Testing

Fig. 5 shows a schematic of the experimental setup to evaluate the particle
material effect on the EAD readout. The particle-generation systems are the same as
described in the section 2.1. For particles with electrical mobility sizes ranging from 20
to 40nm, the high temperature tube furnace was used to produce polydisperse Ag and
NaCl particles. To vary the mean sizes of generated particles, the tube furnace
temperature was varied from 1000 °C to 1200 °C for Ag particles, and 650 °C to 750 °C
for NaCl particles. For particles with electrical mobility sizes ranging from 80 to 200nm,
a constant-output, home-made atomizer was used to produce polydisperse NaCl and oleic
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acid particles. The mean sizes of test particles were varied by changing the solutions of
NaCl or oleic acid volume concentration from 0.01% to 1%.
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Figure 5 Schematic diagram of the experimental setup for the performance evaluation of
EAD

Different experimental arrangements were used to evaluate the EAD’s
performance with monodisperse and polydisperse particles. For the monodisperse particle
testing, particles were simultaneously introduced to both a UCPC and the EAD (TSI
model 3070A). The particle number concentration and electrometer current were
simultaneously measured from the UCPC and EAD for all experiments using Ag, NaCl,
and oleic acid particles. For the polydisperse particle testing, challenge particles were
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simultaneously introduced to the EAD and a SMPS (TSI Model 3936) to measure particle
size distributions after passing through a dilutor. In both testing cases, the concentration
of test aerosol was varied in the aerosol dilutor.

3.2 Data Analysis
3.2.1 Calculation of average electrical charges on individual particles

For monodisperse particle testing, the concentration of test particles was
measured by a UCPC, while the electrical current of the charged test particles was
measured by the EAD. The average charge qavg on the test particles was thus calculated
as

q avg =

I
,
N (d p )eQin

(4)

where I is the charged particle current measured by EAD; N(dp) is the particle
concentration measured by the UCPC; and e is the charge on an electron e, 1.6*10-19C.
3.2.2 Calculation of the total particle length concentration

For the polydisperse testing, the size distributions of test particles were measured
by SMPS and fit to a log-normal distribution, while the electrical current of the charged
test particles were measured by the EAD. The total particle length concentration (L) is
calculated by
n

L = ∑ N i ( d p ) d p ,i

(5)

i =1

where N(dp) is the number of particles in each size bin of the distribution, measured by
SMPS; and n the number of size bins used in each particle size distribution.
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3.2.3 Calculation of the surface area concentration of particles deposited in the TB
and AL lung regions

Fig. 6 shows the deposition curves for tracheobronchial (TB) and alveolar (AL)
deposition in a typical human lung. The deposition curves were obtained using the UK
National Radiological Protection Board’s (NRPB’s) LUDEP Software [24], based on the
recommendations of ICRP Publication 66 [25]. The breathing and lung conditions of a
reference worker were used in the calculation are selected as the follows [15]:
- Breathing type: nose only
- Functional lung residual capacity: 3301 cc
- Breathing rate (Breath/min): 20
- Ventilation rate: 1.5 m3/hr
- Activity level: light exercise.
Using the particle size distribution measured by SMPS and the particle lung
deposition curves, the surface area concentration of particles deposited in different
regions of a human lung (DS) is calculated by
n

DS = ∑ N i ( d p )πd p2 ,iη i ( d p )

(6)

i =1

where η(dp) is the particle lung deposition efficiency in the TB or AL region of a human
lung. The SMPS particle size distributions were fit by the log-normal distribution prior to
the calculation using Eq. (6).
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Figure 6 Calculated particle deposition curves as a function of particle size for the
tracheobronchial (TB) and alveolar (AL) regions of a human lung (based on
the model given in ICRP, 1994)

3.3 Results and Discussion
3.3.1 Average charges on particles

Fig. 7 shows the average electrical charges on Ag, NaCl, and oleic acid particles
as a function of particle size with the ion-trap voltages set at 20, 100 and 200 V,
respectively. The EAD readout was typically below 1 pA for the cases of monodisperse
Ag and NaCl particles with the sizes ranging from 20 to 50 nm and the number
concentrations ranging from 4*103 to 9*104 #/cm3, as well as monodisperse NaCl and
oleic acid particles with the diameters of 80 - 200 nm and the concentrations from 4*103
to 6*104 #/cm3. Near linear relationships between the particle average charge and particle
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size are observed for all the test ion-trap voltage settings. Particles with a high dielectric
constant have slightly more average electric charges for the same particle size. Although
the combination coefficient between neutral particles and ions significantly depends on
the dielectric constant of particles [26], it is thus believed that the effect on the EAD
readout is considered minor but detectable in the cases of particles acquiring multiple
charges.
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Figure 7 Measured average charges on monodisperse Ag, NaCl, and oleic acidparticles
when the EAD ion-trap voltages were set at (a) 20V; (b) 100V; and (3) 200V
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Based on the near linear relationship between particle average charge and particle
size, it is not surprising that the EAD readout is proportional to the total length
concentration of sampled particles. In fact, the readout of an EAD test can be correlated
to any integral variables if the variables are linearly proportional to the particle size. As
an example, Fig. 8 shows the curves of the surface area of a particle deposited in the TB
and AL region of a human lung as a function of particle size. The curves were created
based on ICRP lung model [25]. There is a near linear relationship between the particle
surface area and particle size in the range from 10 to 400 nm. Based on this observation,
the EAD readout can be correlated to the surface area concentration of particles deposited
in TB and AL regions of a human lung for particle diameter in the range of 10 - 400 nm.
Therefore, with the proper calibration, the EAD readout can be used as an indicator of
surface area concentration of particles deposited in TB and AL regions. Note that the
curve of deposited particle surface area may not be linearly proportional to the particle
size due to, for example, the hygroscopic property of particles. The size of hydrophilic
particles entering a human lung will increase, typically in high relative humidity,
resulting in increased particle deposition. The traditional ICRP deposition curve may be
altered and become non-linear in the entire size range. In such cases it will be hard to
correlate the EAD readout to the surface area concentration of particles deposited in a
human lung.
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Figure 8 Calculated surface area of particles deposited in the tracheobronchial (TB) and
alveolar (AL) regions of a human lung. The data was derived from the curves
given in Figure 6

3.2.2 Effect of particle material

Polydisperse Ag, NaCl, and oleic acid particles were used to test the EAD
performance at high concentration (i.e., up to 50 pA of an EAD readout; compared with
up-to-1-pA EAD readout in monodisperse particle testing). Fig. 9 shows the correlation
curves between the calculated total particle length and EAD readouts for polydisperse
Ag, NaCl, and oleic acid particles with the ion-trap voltage set at 20 V. For Ag and NaCl
particles generated by the furnace, the particle mean sizes, number concentrations, and
geometrical standard deviations range from 20 to 50 nm, from 3*105 to 9*106 #/cm3, and
from 1.5 to 1.6, respectively. For the cases of NaCl and oleic acid particles generated by
atomizer, the particle mean sizes, number concentrations, and geometrical standard
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deviations are ranging from 80 to 200 nm, from 2*105 to 5*106 #/cm3, and from 1.65 to
1.8, respectively. The linear relationship between the EAD reading and the calculated
total particle length are evident in all the curves. Linear regression analysis was applied
to identify the slopes of all the curves. It was found that in general the slopes of the
correlation curves decrease with the increase in particle dielectric constant. The minor
particle material dependence observed in monodisperse particle testing is amplified
herein by the compound effect of particle material and polydispersity in this testing. For
the correlation curves at 20V ion-trap voltage (shown in Fig.9a), the variation of line
slopes is about 15% when changing the dielectric constant of the particles’ material from
2.5 to infinite. It is important to notice that the slope difference between the cases of
NaCl and Ag particles is in fact negligible. The slope variation of the correlation lines at
20V ion-trap voltage between the cases of NaCl and Ag particles is about 3%. The
observation of the negligible material dependence on the correlation curves for NaCl and
Ag particles agrees with what reported by Shin et al. [18]. The most prominent difference
in the correlation line slope occurs between the cases of NaCl and oleic acid particles.
Figs. 9b and 9c show the correlation curves between the calculated surface area
concentration of particles deposited in the TB and AL lung regions and EAD readouts for
polydisperse Ag, NaCl, and oleic acid particles with the EAD ion-trap voltage set at 100
and 200 V. The general trends of correlation curves for deposited particle surface area
testing are the same as those for the cases of total particle length testing. The slope of the
correlation line decreases with an increase in particle dielectric constant. The variation of
the line slopes for TB and AL correlation curves are about 13% and 5%, respectively,
which is less than that observed in the case of total particle length testing. Based on the
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experiment evaluating the EAD charger, particles with high dielectric constant acquire
more charges in the EAD charger; however, the consequent loss of charged particles in
the ion-trap dwarfs the particle material effect. This offsetting loss is reflected in the
observation that the particle material effect on the EAD readout is less detectable at
higher ion-trap voltage in the cases of monodisperse and polydisperse particle testing.
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Figure 9 EAD Correlation curves (a) between the calculated total particle length and
EAD readouts with 20V ion-trap voltage; (b) between the calculated particle
deposited surface area in TB region and EAD current readouts with 100V ion187

trap voltages; and (c) between the calculated particle deposited surface area in
AL region and EAD readout with 200V ion-trap voltage. The data were
obtained by using polydisperse oleic acid, NaCl and Ag particles with the
dielectric constants of 2.5, 6.1 and infinite, respectively.

4 Conclusion

In summary we have characterized the intrinsic and extrinsic charging
efficiencies, and charge distribution of particles for the unipolar diffusion charger used in
the studied EAD. The charger characterization was done by using monodisperse PSL and
Ag particles with the dielectric constants of 2.5 and infinite, respectively. Both the
intrinsic and extrinsic charging efficiencies decrease as the particle size decreases. The
intrinsic charging efficiency was higher than 95% for particles in the diameters larger
than 40 nm. The extrinsic charging efficiency remains constant at 90% for particle sizes
larger than 50 nm. At the exit of the EAD charger, the charge distribution measurement
indicates that, the number of electrical charges on particles with the diameters less than
20 nm is mostly single.
We have evaluated the performance of the EAD with the ion-trap voltage settings
at 20, 100, and 200 V. Polydisperse and monodisperse particles of Ag, NaCl, and oleic
acid (with the dielectric constants of infinite, 6.1 and 2.5, respectively) were generated
and used as test aerosols. For the mean electrical charges on Ag, NaCl, and oleic acid
particles, a nearly linear relationship between the average electrical charges on particles
and particle size was observed. As expected, particles with high dielectric constant
acquire more electrical charges than those with low dielectric constant for the same
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particle size. In spite of the fact that the combination coefficient between neutral particles
and ions is a strong function of particle material from the aerosol charging theory, the
particle material effect on the diffusion charging process is considered minor but
measureable when particles acquire multiple charges. The main reason might be that the
Nit (Ni: ion concentration; t: residence time) value is too large to make the combination
coefficient less important in the process. Physically, there are so many ions that particle
material is less dependent in the combination of ions and particles.
Correlation curves for the calculated total particle length and deposited particle
surface area concentrations v.s. the EAD readout at different ion-trap voltages were
obtained for different polydisperse test particles. In general, the correlation curves are
linear in all the test conditions. The EAD readout can thus be used to correlate any
integral parameter that varies linearly with particle size (i.e., total particle length and
surface area of particles deposited in TB and AL regions of a human lung). For the
correlation curves between the EAD readout at 20V ion-trap voltage and the calculated
total particle length, the correlation line slopes vary about around 15%, when varying the
dielectric constant of particle material from 2.5 to infinite. The most significant
difference in correlation line slopes occurs between the cases of NaCl and oleic acid
particles (with the dielectric constants of 6.1 and 2.5, respectively). The correlation line
slope difference between the cases of NaCl and Ag particles is in fact negligible. For the
correlation between the EAD readout and the calculated particle surface area
concentration deposited in TB and AL regions, the variation of line slopes are about 13%
and 5%, respectively, when varying the dielectric constant of the particles’ material from
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2.5 to infinite. The dielectric constant effect on EAD readouts is less detectable with the
increase of ion-trap voltage.
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Abstract
Recently, Nanoparticle Surface Area Monitor (NSAM, TSI model 3550) and
EAD (EAD, TSI Model 3070A) have been commercially available to measure the
integral parameters (i.e., total particle surface area and total particle length) of
nanoparticles. By comparison, the configuration of the EAD or NSAM is similar to that
of electrical mobility analyzer of the early generation for particle size distribution
measurement. It is therefore possible to use the EAD or NSAM as a particle sizer. To
realize the objective of using the EAD as a sizer, we characterized the average electrical
charges of monodisperse particles passing through the EAD particle charger and ion trap
set at voltages ranging from 20 to 2500 V. The average charge data collected at different
ion-trap voltages were then summarized by the empirical correlation using the parameter
of Zp*V, where Zp is the particle electrical mobility and V is the ion-trap voltage. A datareduction scheme was further proposed to retrieve the size distribution of sampled
particles from the EAD readout at different ion-trap voltages. In the scheme, the
functional format of each mode in a number size distribution of particles was assumed as
log-normal, but the number of modes in an entire size distribution is not limited. A
criterion was used to best fit the simulated EAD readouts with experimental ones by
varying the count median diameter (CMD), geometric standard deviation (σg), and total
particle number (Nt) of each mode in a particle size distribution. Experiments were
performed to verify the proposed scheme.

Key words: Nanoparticle sizer, Electrical aerosol detector (EAD), Nanoparticle surface
area monitor (NSAM), EAD unipolar charger
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Introduction
Two types of instruments are currently available for measuring of physical
properties of aerosol. One type measures the integral moments of the size distributions of
particles to be investigated. Examples of such devices include the QCM (Quartz Crystal
Microbalance) or TEOM (Tapered Element Oscillating Microbalance) for measuring
particle mass concentration (Martin et al. 1991; Patashnick and Rupprecht 1991); NSAM
(Nanoparticle Surface Area Monitor) for measuring the surface area concentration of
particles deposited in human lungs (Fissan et al. 2007), and the CPC (Condensation
Particle Counter) for detecting particle number concentration (Stoltzenburg and McMurry
1991). The other type of aerosol instrument measures particle size distribution. The
particle size distribution instruments offer more detailed insight into the particles to be
sampled. Particle size distributions are often necessary to study particle behaviors in
different environments, to identify potential particle sources, and to interpret the data
collected by integral-moment-type aerosol instruments. Examples of particle-size
distribution-type aerosol instruments are the Scanning Mobility Particle Sizer (SMPS),
Electrostatic Low Pressure Impactor (ELPI), and Optical Particle Counter (OPC).
To measure the size distribution of particles, instruments based on the particle
electrical mobility technique are more suitable for particles in the submicron and
nanometer diameter ranges. The technique requires sampled particles to be electrically
charged prior to their introduction to an electrical classifier. In the classifier the particle
size distribution can be altered by the presence of an electrical field in the device. The
concentration of particles after passing through the classifier is then counted by an
aerosol concentration detector (i.e., CPC or aerosol electrometer). The size distribution of
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sampled particles can be reconstructed from the counter readouts collected at different
electrical field strengths in the classifier (Knutson and Whitby 1975). The Electrical
Aerosol Analyzer (EAA) and SMPS are examples of aerosol instruments using this
technique. Both instruments are however designed for scientific research, and they are
larger and more expensive, respectively, than devices used for industrial hygiene and
exposure studies.
For industrial hygiene and epidemiologic studies, two assessment approaches can
be used to determine the particle exposure level of workers: personal and site sampling.
The site sampling is performed by using manual sampling devices and offline analyzing
collected samples, and/or by real-time particle analysis devices. The latter are always
preferred in modern studies, because the quick response of devices makes feasible the
collection of time-dependent data. Many real-time aerosol mass monitors used in the
workplace are based on a particle light scattering technique; photometers and laser
particle counters are examples. The techniques used in photometers are generally
insensitive for particles with diameters smaller than 100 nm (Hinds 1999). Optical
instruments that size individual particles and convert the measured number size
distribution to the mass distribution (i.e., laser particle counters, LPCs) are similarly
limited to particles larger than 100 nm in diameter. Other real-time monitors using the
vibration techniques, i.e., Quartz crystal microbalance (QCM) and Tapered element
osscilation microscope (TEOM), are typically limited for measuring particle mass
concentration in the level higher than 1 µg/cm3, making them difficult in measuring the
mass concentration of nanoparticles (except at high particle concentration). The SMPS is
widely used as a research tool for characterizing submicron-sized aerosols, although its
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applicability for use in the workplace is limited by the size and cost of the instrument,
and its inclusion of a radioactive source as the particle charger. The Electrical Low
Pressure Impactor (ELPI) is an alternative instrument that combines a cascade impactor
with real-time aerosol charge measurements to measure size distributions (Keskinen et al.
1992). The low size resolution and expensive cost of the ELPI again make its use difficult
in industrial hygiene studies. Thus, there is a need to develop a low-cost and portable
device capable of measuring of size distributions of particles in the submicron and
nanometer range.
As indicated by recent works (Oberdörster et al. 1996, 2005; Donaldson et al.
1998) the surface area concentration seems to be a good metric for the toxicity of
particles in the submicron and nanometer size range, which leads to the development of
instruments capable of measuring the surface area concentration of particles. A system
integrating a condensation particle counter (CPC), mass concentration monitor (MCM),
and electrical aerosol detector (EAD) has been used to infer the aerosol size distribution
having a lognormal distribution functional format (Woo et al. 2001). The methodology
works well for measuring the surface area of particles in the ambient environment. Given
the lung deposition curves for a typical worker, the surface area concentration of particles
deposited in human lungs is then obtained from calculation. In the course of field testing
the integrated system for particle surface area concentration, it has been found that the
response function curve of the EAD of the latest version (to be described in the next
paragraph) correlates well with the area concentration of particles deposited in the
tracheobronchial (TB) and alveolar (AL) regions of a human lung (Wlison et al. 2004). A
later study by Fissan et al. (2007) found that the correlation curve of the EAD signal v.s.
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the area concentration of particles deposited in the human lung can be established by
setting the ion-trap voltage at 100 V for particles deposited in the TB lung region and by
setting the ion-trap voltage at 200 V for particles in the AL region. Based on Fissan et al.
(2007), the TSI Nanoparticle Surface Area Monitor (NSAM, Model 3550) has been
commercially introduced to measure the surface area concentration of nanoparticles
deposited in the TB and AL regions of a human lung of a typical worker by adjusting the
ion-trap voltage of the EAD.
Fig. 1 shows a schematic diagram of the EAD. Sampled particles are first passed
through a small cyclone to remove particles with a diameter larger than 1.0 µm. The
sampled aerosol flow (i.e., 2.5 lpm) is then split into two: one portion of the flow (i.e., 1.5
lpm) is directly introduced into the aerosol charging chamber, and the other portion of
sampled flow (i.e., 1.0 lpm) is used as the carrier for unipolar ions, generated in the
corona discharging chamber, after the particles and vapor contaminants are removed by
HEPA and active carbon filters. The two split flows are impinged and mixed in the
aerosol charging chamber. Particles exited from the charging chamber are passed through
an ion trap, with the voltage set at 20 V, before the electrical charges carried by particles
are measured in an aerosol electrometer of Faraday cage type downstream of the ion trap.
Different from the EAD, the NSAM has the built-in feature of adjusting the applied iontrap voltage to correlate the NSAM readouts with the total surface area concentration of
nanoparticles deposited in TB and AL regions of a human lung of a typical worker. It is
worth noting that the functions of components used in the EAD or NSAM are essentially
the same as those used in the early generation of electrostatic devices for particle size
measurement.

198

Activated
Carbon

HEPA
Filter
Charger Flow
1.0 lpm

Inlet
Charging
Chamber

2.5 lpm

Corona
Orifice

Orifice

Ion Trap

Cyclone

Exhaust

Electrometer

Figure 1 Schematic diagram of the Electrical Aerosol Detector (EAD) or Nanoparticle
Surface Area Monitor (NSAM)

It is thus possible to convert an EAD or NSAM into a particle sizer with the
feature of variable ion-trap voltage. Such a sizer may not offer a size distribution
measurement with high size resolution, but it will meet the demands of the applications
of industrial hygiene and exposure studies. Several efforts in a similar direction have
been reported recently for the application of measuring particulate emission from diesel
engines.
A system consisting of a unipolar diffusion charger, similar to that used in an
EAD, with an aerosol electrometer (TSI model 3068A) and an Ultrafine Condensation
Particle Counter (UCPC, TSI model 3025A) has been proposed to obtain particle size
distributions (Park et al. 2007a). The group proposed a method for predicting the particle
mean diameter and size distribution, providing the sizes of particles are in unimodal and
lognormal distribution. The total number concentration of particles was given by the
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UCPC measurement. The geometric standard deviation of the particle size distribution
was further assumed as 1.5, which may be varied in different measurements. The
proposed technique requires pre-knowledge of the geometric standard deviation of
sampled particles. Further, the use of the bulky UCPC may be not convenient for the
industrial hygiene and exposure studies, and the proposed method could retrieve the size
distributions of sampled particles only in the unimodal, log-normal distribution functional
format. Following the same strategy, a recent study (Park et al. 2007b) further proposed
to use a system consisting of two unipolar chargers with two aerosol electrometers to
obtain the size distributions of sampled particles. The proposed method has the benefit of
not using a UCPC and consequently reduces the cost of having one aerosol system for
particle size distribution measurement. The limitations of the proposed system are the
same as those mentioned for the former study. The proposed methodology further limits
the lower size detection limit to 70 nm due to the fact that the dominant charging
mechanism of both chargers is diffusional as the particle size is reduced.
In this study we explored the idea of using an EAD (or NSAM) for nanoparticle
size distribution measurement without the limitations inherent in the above-reviewed
studies. We first evaluated the average electrical charges of particles passing through the
EAD charger, using monodisperse particles with ion-trap voltages varying from 20 to
2500 V. We also proposed an empirical model to correlate the measured average charges
on test particles with the parameter of Zp*V, where Zp is the particle electrical mobility
and V is the ion-trap voltage. A data reduction scheme was then proposed to retrieve the
particle size distribution from the EAD readouts as the ion-trap voltage stepped from 100
to 2500 V. In the scheme, the functional format of particle size distribution was assumed
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to be log-normal for each mode in an entire size distribution but the number of the modes
in a particle size distribution was not limited. A numerical criterion was used to best fit
the simulated EAD readouts to experimental ones, thereby obtaining the count median
diameter (CMD), geometric standard deviation (σg), and total particle number (Nt) of each
mode in an entire size distribution.

Experimental Setups and Procedures
Setup for average charge evaluation

Fig. 2 is a schematic diagram of the experimental setup to characterize the
average electrical charges on monodisperse particles after passing through the EAD
charger. A constant-output, home-made atomizer was used to produce polydisperse NaCl
particles with sizes ranging from 20 to 200 nm. The mean size of test particles was varied
by using the NaCl aqueous solutions with volume concentrations ranging from 0.01% to
1%. The flow rate output from the atomizer was 4.0 lpm when the compressed air was at
30 psig. Droplets produced by the atomizer were passed through a Po210 radioactive
neutralizer to minimize electrical charges on the droplets, and through a silicon-gel
diffusion dryer to remove water from the droplets. A differential mobility analyzer
(DMA, TSI Model 3081) was used downstream of the polydisperse aerosol generation
system to classify particles with test diameters. Prior to being introduced to the DMA the
produced particles were passed through a Kr85 radioactive particle charger, ensuring a
well-defined charge distribution on particles to be classified (Knutson and Whitby 1975).
The DMA was operated at the aerosol flow rate of 0.8 lpm and sheath flow rate of 8.0
lpm. To reduce the electrical charge level on classified particles, a second Po210
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radioactive neutralizer was used at the DMA monodisperse aerosol exit. The prepared
monodisperse particle stream was then split into two: one stream was introduced to an
Ultrafine Condensation Particle Counter (UCPC, TSI model 3025A) for particle number
concentration measurement; the other was introduced to the EAD (TSI model 3070A) for
obtaining the EAD readout at different ion-trap voltage settings.
Electrostatic
Classifier with
Kr85 charger
(TSI 3080)

Laminar
Flow Meter
Diluto

Neutralizer
Po210

Dryer

Neutralizer
Po210

Laminar
Flow Meter

EAD
(TSI 3070A)

Power
Supply
(PS 325)

UCPC
(TSI 3025A)

Laminar
Flow Meter

Atomizer

Figure 2 Experimental setup for the measurement of average electrical charge on
monodisperse particles after passing through EAD charger and ion trap

Experimental setup for verifying the use of the EAD as a sizer

Fig. 3 shows the experimental setup for collecting data to verify the feasibility of
using the EAD as a nanoparticle sizer. For unimodal particle size distributions, the
particle-generation system described in the above section was used. For bimodal particle
size distributions, a second particle generation system was added into the setup. The
second system consisted of a high-temperature tube furnace (CM Furnace 1730-20HT)
and a temperature-quenching chamber. Particle material was placed in a ceramic boat,
located in the middle of the furnace tube. At a high temperature setting on the furnace,
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the particle material in the ceramic boat evaporated and its vapor was carried by the
carrier gas. At the furnace tube exit the carrier gas was cooled by mixing it with gas at
room temperature. The evaporation-and-condensation process generates polydisperse
nanoparticles with mean electrical mobility sizes ranging from 10 to 30 nm (Scheibel and
Porstendorfer 1983; Gleiter 1989). In the aerosol generation system nitrogen gas with a
flow rate of 2.0 lpm was used as vapor carrier. The flow rate of the carrier gas was
controlled by a needle valve and laminar flow meter prior to its introduction into the tube
furnace. To vary the mean size of generated particle size distribution, the tube furnace
temperature was varied from 1000 °C to 1200 °C for Ag particles. Particles produced by
the two generation systems were well mixed before the use as challenge particles. After
passing through a mixing-type dilutor, the challenge particle stream was split into two:
one stream was introduced to the EAD and the other to an SMPS (TSI Model 3936) to
measure the size distribution of test particles. During the course of SMPS measurement,
the EAD ion-trap voltage setting was stepped from 100 to 2500 V, with a step size of 100
V. At each ion-trap voltage step the EAD readouts was averaged for 10 seconds. One
shall notice that the averaging time for each voltage setting can be varied, depending on
the signal-to-noise ratio. The selection of 10-second averaging time for all the ion-trap
voltage steps was set for the cases of low signal-to-noise ratio and for the experimental
convenience. For both unimodal and bimodal particle size distributions, the concentration
of the test aerosol was varied in the mixing-type dilutor.
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Figure 3 Experimental setup for the verification of using EAD as a submicron-sized
particle sizer

Average Charge Calculation and Data Reduction Scheme
Calculation of average electrical charges on monodisperse particles

For obtaining the average charges on monodisperse particles, the concentration of
test monodisperse particles was measured by a UCPC, while the electrical current carried
by test particles after the EAD charger and ion trap was measured by the EAD. The
average charge after ion trap qavg on test particles was then calculated as

qavg (d p ) =

I
N (d p )eQin

,

(1)

where I is the charged particle current measured by the EAD, N(dp) is the particle
concentration measured by the UCPC, Qin is the volumetric flow rate of aerosol entering
the mixing chamber in the EAD charger, and e is the charge on an electron (1.6*10-19 C).
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Size distribution reduction scheme

With the data of average electrical charges on particles passing through EAD
charger, we could set up the relationship between the particle size distribution and the
EAD readout. In the data reduction scheme, the functional format of the number size
distribution of sampled particles was assumed to be log-normal for each mode in an
entire size distribution. In the case of unimodal size distributions, they can be
mathematically expressed as
N (ln d p ) =

Nt
2π ln σ g

exp(

− (ln d p − ln CMD ) 2
2 ln 2 σ g

)

,

(2)

where N(lndp) is the number of particles with a diameter of lndp, entering the EAD; Nt is
the total number concentration; CMD is the geometric mean diameter; and σg is the
geometric standard deviation, assumed to be less than 3.0. In the calculation, particles in
the size range from 1 nm to 1 µm were divided into 48 size channels (32 channels per
decade in log scale). The total electrical current carried by the particles (C) is then
calculated as
C = eQin

1µ m

∑ N (d

p

) qavg ( d p ) .

(3)

d p =1nm

The best-fit values of three parameters (i.e., CMD, σg, and Nt) in the log-normal
distribution function are obtained by minimizing the following function.
m

χ (CMD, σ g , Nt ) =

∑C −M
i

i =1

m

i

,

(4)

where Mi is the EAD readout at a specific ion-trap voltage setting, pA; Ci is the
corresponsive calculated value; and m is the number of data points.
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For the cases of bimodal size distribution, the following mathematical expression
was used:
N (ln d p ) =

rNt
2π lnσ g1

exp(

− (ln d p − ln CMD1 ) 2
2 ln 2 σ g1

)+

(1 − r ) N t
2π ln σ g 2

exp(

− (ln d p − ln CMD2 ) 2
2 ln 2 σ g 2

)

(5)
where r is the ratio of the total particle number concentration in the first mode to that in
an entire bimodal size distribution, Nt is the total number concentration of particles in the
entire size distribution, CMD1 and CMD2 are the geometric mean diameters of two modes
in a bimodal size distribution, σg1and σg2 are the geometric standard deviations of two
modes. The convergent criterion for the best-fitting of particle current at different iontrap voltages is the same as that used for unimodal size distribution. It is worth noting
that the scheme can be easily generalized for the case when the number of modes in an
entire size distribution is more than two, although only the expressions for unimodel and
bimodal size distributions are presented herein.

Results and Discussion
The average electrical charges on individual particles

Fig. 4a shows the average electrical charge of NaCl particles at an ion-trap
voltage of 20 V. The size and number concentration of test particles range from 20 to
200 nm and from 1.6*103 to 3.2*104 #/cm3, respectively. The linear relationship between
average charge and particle size is evident in Fig. 4a. A linear curve was then applied to
best fit the collected data. The average charge curves at several other selected ion-trap
voltage settings are shown in Fig. 4b. For a given ion-trap voltage, the relationship
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between average electrical charge and particle size does not seem to be linear. In general
the curve slope for particles with diameters smaller than 100 nm is lower than that for
large particles at a given ion-trap voltage. From the average charge data shown in Fig. 4b
it is difficult to retrieve the average electrical charges on particles of an arbitrarily
selected particle size when an EAD ion-trap voltage is given. To overcome the difficulty,
we attempted to collapse the average electrical charge curves at different ion-trap
voltages into one.

8

(a)
7

Average Charge

6
5
4
3
2
1
0
1

50

100

150

Dp, nm

207

200

250

8

(b)

Average Charge

6

4
20v
100v
200v
500v
1000v
1500v
2000v
2500v

2

0
1

50

100

150

200

250

Dp, nm

Figure 4 Average charges of NaCl particles, passing through both EAD charger and ion
trap, as a function of particle size for the cases of (a) 20 V ion-trap voltage; and
(b) other selected ion-trap voltage settings

To accomplish the task, we normalized the average electrical charges at different
ion-trap voltages with the data when the ion trap was set at 20 V. Instead of using the
particle size, we used Zp*V as the abscissa, where V is the ion-trap voltage and Zp the
particle electrical mobility, given by
Zp =

neCc
3πηd p

(6)

in which n is the particle electrical charge, Cc the Cunningham correction factor, η the gas
viscosity.
Fig. 5 shows the normalized average charge of particles as a function of Zp*V. Zp
was calculated by assuming the particles carried an average electrical charge the same as
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that at the ion-trap voltage of 20 V. As shown in Fig. 5, all the average electrical charge
curves at different ion-trap voltages collapse into one. The result is expected because the
operational principle of the ion trap in the EAD is essentially the same as that of an
electrical precipitator. Using the particle trajectory analysis given by Knutson and Whitby
(1975), the penetration of charged particles through an electrical precipitator should be a
function of Zp*V. Moreover, the relationship between the particle penetration and Zp*V
should be linear for an ideal electrical precipitator. However, as shown in Fig. 5, the
relation of normalized average charges vs. the Zp*V parameter is not perfectly linear. This
finding may be due to the imperfect construction of the ion trap as compared with that of
ideal precipitator. Nonetheless, the monotonic relationship between the normalized
average charges and Zp*V is clearly evidenced. To best fit the normalized curve of
average charge, we divided the entire Zp*V range into two segments and used a different
equation for each segment: for values of Zp*V less than 1.0*10-4, the normalized average
charge was fitted with a linear function of the Zp*V parameter; for values of Zp*V larger
than 1.0*10-4, the data were fitted with an exponential curve.
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Figure 5 Normalized average charge of NaCl particles, past through the EAD charger and
ion trap, as a function of the parameter of Zp*V; where Zp is the electrical
mobility of particles carrying electrical charges the same as those at the ion-trap
voltage of 20 V, and V is the ion-trap voltage

With Figs. 4 and 5 the following calculation procedure was used to retrieve the
average electric charges of particles at a specific ion-trap voltage and particle size: for a
given particle size dp, the average electrical charges of particles at 20 V ion-trap voltage
was first obtained from Fig. 4. The electric mobility, Zp, of the particles was calculated
based on Eq. (6). With the calculated value of Zp*V the normalized average charges of
particles was then obtained from Fig. 5 for a given ion-trap voltage. The average
electrical charges of particles of the given size and at the given ion-trap voltage was
finally calculated by multiplying the average electrical charges at 20 V ion-trap voltage
with the normalized average charges.
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Verification of the proposed data-reduction scheme

Figs. 6 - 8 compare the unimodal particle size distributions measured by the
SMPS and recovered by the proposed data-reduction scheme for three different cases.
The SMPS data are NaCl particles having geometric mean diameters of 103.2, 59.7, and
39.6 nm, geometric standard deviations of 1.67, 1.62, and 1.69, and total concentrations
of, 8.08*105, 1.48*106, and 2.97*106 #/cm3, respectively. For NaCl particles with a
geometric mean diameter of 103.2 nm (shown in Fig. 6), the retrieved particle size
distribution with σg of 1.8 agrees well with that measured by the SMPS. The retrieved
geometric mean diameters of particle size distributions for the other two cases (i.e., Figs.
7 and 8) are slightly smaller than those measured by the SMPS. The σg for particle size
distributions, obtained by the proposed EAD method, are 1.6 and 1.9 for test particles
with σg of 1.67 and 1.69, respectively. The σg difference is probably because of
inaccuracy of average charge data for particles less than 40 nm. The lowest particle size
used in the experimental for measuring average charges on monodisperse particles was
20 nm. However, the geometric mean diameter of polydisperse NaCl particles, produced
from our aerosol generator, was about 40 nm for classifying test monodisperse particles
with a diameter less than 40 nm. Using the DMA to classify particles with diameters less
than 40 nm with the above-mentioned polydisperse particles can result in the nonnegligible portion of classified particles having larger particle sizes and multiple
electrical charges. As a result, the derived average charges on classified particles may be
higher than those in reality. Consequently, the mean particle size of the retrieved particle
size distribution has the tendency to move to a smaller particle size when a significant
portion of sampled particles has diameters less than 40 nm.
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Figure 6 Comparison of unimodal particle size distributions measured by SMPS and
retrieved by the proposed data-reduction scheme for the case of particles with
geometric mean diameters of 103.2 nm
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Figure 7 Comparison of particle size distributions measured by SMPS and retrieved by
the proposed data-reduction scheme for the case of particles with geometric
mean diameters of 59.7 nm
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Figure 8 Comparison of unimodal particle size distributions measured by SMPS and
retrieved by the proposed data-reduction scheme for the case of particles with
geometric mean diameters of 39.6 nm

Fig. 9 shows the comparison of bimodal particle size distributions measured by
SMPS and recovered by the proposed data-reduction scheme. The proposed scheme
could in general retrieve the characteristics of actual particle size distribution, although
the number concentration of particles in each SMPS size bin is lower than that obtained
by the proposed scheme. In this case, the small-sized mode in the bimodal test particle
size distribution was Ag particles, generated by the evaporation-and-condensation
process, and the large-sized mode of the distribution was NaCl particles, generated by the
home-made atomizer. In the data-reduction scheme, the average electrical charge curve
used was for NaCl particles. The average electrical charge of Ag particles is expected to
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be higher than that of NaCl particles because of the much larger dielectric constant of Ag
particles. It may be the key reason leading to a higher number of particles in each size bin
of the recovered particle size distribution since the average charge curve used in data
reduction scheme is for NaCl particles.
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Figure 9 Comparison of bimodal particle size distributions measured by SMPS and
retrieved by the proposed data-reduction scheme

To distinguish the unimodal from bimodal size distribution of particles to be
analyzed one could use the geometric standard deviation σg as an indicator, suggested by
Woo et al. (2001). The particle size distribution is most likely to be bimodal if the
geometric standard deviation σg, retrieved from the data-reduction scheme with the
assumption of unimodal size distribution, is more than 2.5. The minimal numbers of
voltage steps needed for unimodal and bimodal size distribution measurements by the
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proposed EAD method are at least three and seven, respectively. We however
recommend to step at least four ion-trap voltage setting for unimodal size distribution and
at least eight voltages for bimodal size distribution measurements. The total scan time for
each size distribution measurement is therefore 1-2 minutes, assuming the 10-second data
averaging for each ion-trap voltage step.

Summary
In conclusion, we have proposed a new and simple strategy to measure the size
distributions of submicron-sized particles using a commercially available EAD or
NSAM. The proposed strategy was inspired by the fact that the configuration of the EAD
is similar to that of an electrical mobility analyzer of the early generation. To explore the
feasibility of the strategy, we first characterized the average electrical charges on
particles exiting the EAD charger, using monodisperse NaCl particles with diameters
ranging from 20 to 200 nm. In this experiment, the ion-trap voltage was set at 20 V for
excess ion removal. The linear relationship between the average electrical charges on
particles and the particle size was found experimentally. The experiment also measured
the average electrical charges on particles at different ion-trap voltage settings. The
average charge curves were then summarized into one by normalizing average charges at
different ion-trap voltages by those at the ion-trap voltage of 20 V and using the
parameter of Zp*V as the abscissa, where Zp is the electrical mobility of particles carrying
average charges the same as those at the ion-trap voltage of 20 V, and V is the ion-trap
voltage. A curve fitting was proposed to best fit the normalized average charge curve.
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A simple data-reduction scheme was also proposed to retrieve the particle size
distribution from the EAD readouts as a function of the ion-trap voltage, stepped from
100 to 2500 V. In the data-reduction scheme, the functional format of the number size
distribution of particles was assumed to be log-normal for each mode in an entire size
distribution. The number of the modes in a particle size distribution was not limited. A
criterion was also proposed to best fit the simulated EAD readouts to experimental ones
by varying the count median diameter (CMD), geometric standard deviation (σg), and
total particle number (Nt) of each mode in the presumed lognormal particle size
distribution. By comparing particle size distributions measured by SMPS with those
recovered from the EAD readouts, the proposed data-reduction scheme can quantitatively
recover the unimodal particle size distributions of particles, and qualitatively retrieve the
characteristics of bimodal particle size distributions. From the comparison, it is also
concluded that the proposed strategy can be further improved by better measurement of
average charges on particles with diameters less than 40 nm and by taking into
consideration the particle material.
At last one shall notice that the proposed method does not intend to replace those
based on the DMA techniques. The accuracy and sensitvity of particle size measurement
by the proposed method can not compete with that measured by scanning mobility
particle sizers (SMPSs). It is because of the material dependence of aerosol charging and
the sensitivity of aerosol electrometer used in EAD and NSAM. The proposed technique
merely offers an economical way to roughly measure the size distribution of particles
when SMPSs are not available and the general information on the size distribution of
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particles is critical for the interpretation of the particle integral parameters monitored by
EAD or NSAM.
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